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Abstract:
The work presented here develops a new type of electrochemically active
hydrogel based on alginate. By oxidizing a copper electrode in the presence of
alginate, it is shown that the alginate will become cross linked at the electrode
surface. By modulating the growth time or growth potentials, the mechanical
properties of the gels can be modulated, with time being the easiest to control. It
was also shown that with the reduction of the copper ions in the gel, the
structure can be de-cross linked. This mechanism was harnessed to provide
fluidic delivery of a small molecule representing a drug, with the optimum
growth conditions for this applications found to be the application of a 2.5 V
potential difference for one hour versus an aluminum counter electrode.
Constructing a device from this gel, it was shown that the rate of fluidic release
can be modulated by varying the potential between 1 and 5 volts potential
difference. Finally, this process was further developed into a new printing
technique, allowing for the printing of gradient structures with a continuum of
densities throughout the structure.
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Chapter 1
Introduction
1.1

Specific Aims

Materials development occurs not only from the creation of a new material but
also from imparting new functionality to an existing one.

This trend is

highlighted in the biofabrication field, where materials that were previously
solely structural such as hydrogels have been imparted functionality to not only
make them biocompatable but also biofunctional as well. This work seeks to
provide a new level of functionality to a previously passive polymer, alginate,
and opening up an entirely new class of material, known as electrogels.
Alginate is a common carbohydrate based biopolymer derived from
seaweed. In nature alginate acts as a major extracellular structural material in
the plant, which imparts a level of inherent biocompatibility, and is thus an
interesting polymer from a medical and biological standpoint, such as in drug
release devices.[1–4]. However, because alginate is a structural material, not
actively imparting functionality, it acts as a reservoir for a drug, only releasing it
as a function of diffusion. This is termed passive release. For many instances,
passive release serves as an exceptional mechanism for the administration of a
continuous dose of medication, especially for preventative or prophylactic care.
However, there are some applications where the ability to also release drug in
response to a stimuli, known as an active release, is also needed. This at present
3

is a shortcoming of alginate based drug delivery.
Another limitation in alginate applications is the ability to pattern the
material. This is a problem that is not unique to alginate with fabrication being a
limiting factor with many materials. By adapting a method of cross linking
alginate a solution to one of the most difficult problems facing patterning
alginate can be found, the ability to print varying strength material within the
same structure without it delaminating due to material incompatibilities. This
can be solved by using a single material which has the ability to vary the final
strength by a change in fabrication conditions.
Drug release devices for the treatment of epilepsy are an ideal example of a
device which requires both passive and active functions. General treatment of
epilepsy consists of a prophylactic dosage and an anti-epileptic drug to prevent
the occurrence of seizures. However, because of the nature of the disease, this
can sometimes only result in a reduction of the prevalence of an epileptic
episode, requiring acute instances, such as at the onset of a seizure, to be treated
with either a high dose of medication or be left untreated.

Alginate has

previously been investigated in drug delivery, but currently, creation of such a
device is inhibited by both the passive nature of alginate, and the inability to
fabricate ideal structures of the material. This body of work seeks to solve both
of these issues by creating a new form of alginate that retains not only the
passive function but also the ability to modulate its density and strength,
imparting active functionality to a previously passive material. Even though this
work is primarily aimed at the introduction of a new class of active hydrogels it
will also harness this activity to provide a unique patterning technique, realizing
a new processing technique that provides previously unobtainable levels of
control and accuracy in both processing and release characteristics.
This works seeks to improve the current state of the art of alginate
development with these specific aims:
AIM 1:To develop and optimize the mechanical and hydration properties of
4

an electrochemically active alginate through the use of electrochemical
oxidation of copper to provide a cross linking ion:
(i) Determine the cross linking behavior of alginate from exposure to copper
ions oxidized from copper metal electrochemically.
(ii) Determine the effect of cross linking behavior as a function of copper
oxidation potential.
(iii) Determine the effect of cross linking behavior as a function of copper
oxidation time at a given potential.
(iv) Determine optimum cross linking mechanism, applied potential or
application time.
(v) Determine the effects of cross linking parameters on physical properties.
(vi) Determine electrical efficiency of the cross linking process.
AIM 2:To investigate the ability to reduce copper cross linking ions from
alginate to alter cross link density electrochemically:
(i) Determine required potential to perform de-cross linking of alginate.
(ii) Elucidate a mechanism for and description of the de-cross linking process.
(iii) Determine the electrical efficiency of electrochemical de-cross linking.
AIM 3:Develop a drug release device which combines both passive and active
release mechanisms based on electrochemically active alginate:
(i) Determine a suitable drug analog for ease of device characterization.
(ii) Design a device for drug release based on electrochemically active alginate.
(iii) Demonstrate and characterize the passive release component of the drug
release device based on electrochemically active alginate.
(iv) Determine the effect of potential application to device on release.
(v) Determine the effect of potential application time on release.
(vi) Demonstrate release from device using both passive and active release.
AIM 4:Demonstrate the ability to harness the electrochemical cross linking
process in order to pattern electrochemically active alginate:
(i) Demonstrate the ability to produce complex patterns of electrochemically
5

cross linked alginate using a masking technique.
(ii) Develop a printing technique capable of variable density printing.
(iii) Design and implement a multi-axial printer capable of performing
patterning of electrochemically active alginate.
(iv) Characterize the mechanical and hydration properties of printed structures.
(v) Demonstrate the ability to print structures of varying density within a single
structure, using a single material.

1.2

Thesis Structure

Though the over-arching goal of this work is in the development of a new class
of material, from these specific aims there are apparent contributions to the fields
of drug delivery and fabrication as implementations of this material.
The following sections provide a brief overview of the state of the art of the
primary areas in which this body of work contributes. Each section will provide
a broad overview and specific case studies that serve as representative
publications within each field to frame the context of this work with respect to
peer reviewed literature. This is followed by the body of work produced and the
outcomes starting with the fundamental development of the material, followed
by the implementation of the material using a basic patterning and finally in a
novel additive manufacturing technique. The final part serves as a reference if
needed, providing a thorough review of electrochemical theory on which this
thesis is heavily based, followed by a theoretical review of characterization
techniques in order to allow for independent assessment of the data presented,
ending with the experimental. Though this structure required several of the
chapters to forward reference due to the experimental and theory at the end it
provides a clearer, more fluid flow of the material, allowing for reference as
needed to the chapters at the end.
6

1.3

Materials - Background and State of the Art

This work has a strong focus on materials development, adapting or optimizing
existing materials and in the process creating new adventitious properties. This
section provides a brief overview of polymeric materials used primarily in this
thesis with special emphasis given to a class of polymeric material known as
hydrogels.

1.3.1

Hydrogels and Hydrogel Forming Polymers
Table 1.1: Properties of common hydrogels and Biopolymer.
Hydrogels

Name

Type

Source

Solubility

Chitosan

Polysaccharide

Crustacean Shells
Derived from Chitin

Polylactic Acid

Polyester

Agarose

Polysaccharide

Gelatin

Protein

Alginate

Polysaccharide

Molding Process

Dilute
Acids
Organic
Starch
Solvents
Seaweed
Water
Cell Wall Component (Swells)
Water
Collagen
(Dissolves)
Weak Base
Seaweed
(Dissolves)
Structural Component Water
(Swells)

Solvent
Casting
Solvent
Casting
Thermo-set
Thermo-set
Ionic
Cross Linking

Biopolymers
Polyethylene Oxide
Polylacticacid

Synthetic
Glycerol
Polysaccharide/
Agarose
Pectin Mixture

Water (Dissolves) Solvent Casting
Water
Thermo-set
(Swells)

Hydrogels and hydrogel forming polymers are a class of polymers that are
hydrated primarily with water. The classification into this group of polymers is
based on their extreme hydrophilicity. Hydrogel forming polymers differ from
pure hydrogels in that they must be cross linked or chemically modified in some
way in order to form a gel. However, for simplicity both classes from here on
will be referred to as hydrogels. Hydrogels are commonly found in nature as
structural

components

polysaccharides.

made

of

biomolecules

such

as

proteins

or

Due to their biological origin hydrogels are considered

biocompatible, meaning that they do not cause an effect on the biological
7

environment around them. However, not all hydrogels are derived directly from
nature, there are some that have been fully synthesized as well. Even though
artificially synthesized, because of their hydrophilic nature they tend to retain
the biocompatible properties of their natural analogs. Table 1.1 outlines some of
the commonly encountered hydrogels and biopolymers. The next section will go
into further details on alginate which, because of the materials developments
presented in later sections, will be thoroughly introduced.

1.3.2

Alginate

Alginate is a polysaccharide based hydrogel forming material derived from sea
weed. As with most hydrogels it is considered highly biocompatible because
of similarity to the extracellular matrix. [5] The most distinguishing feature of
alginate is its ability to rapidly cross link with polyvalent ions to form a solid
structure[6], this process as well as the structure of alginate sodium salt (the form
that it is normally sold in) is depicted in Figure 1.1.

1.3.2.1

Cross Linking of Alginate

Alginate is normally available in a sodium salt form, these sodium groups act as
counterions to the acid groups on the fifth carbon of the hexose ring. Sodium is
monovalent, because of this there will be one counterion to one acid ion. In this
state, the alginate is a viscous liquid. [6–8] However, if these ions are replaced
with a polyvalent ion then two alginate chains become ionically linked together
leading to large amounts of entanglement of the polymer chains. Physically this
results in a more rigid, gel structure. It is in this cross linked form that alginate
finds most of its uses. In practice alginate is typically cross linked with calcium
salts, particularly calcium chloride. Calcium chloride is able to provide the
coordinating counterion needed for cross linking. The calcium also helps to
maintain biocompatibility and the use of the chloride salt of calcium ensures a
high solubility of the cross linking agent in the solution, as most calcium salts
8

Figure 1.1: Reaction Scheme of the cross linking of Sodium Alginate with
Calcium.

are insoluble in water.[9] Importantly this process relies on the calcium ions to
diffuse into the alginate solution to cross link the alginate. As the cross link
density increases diffusion of the calcium ion through the solidifying alginate
becomes inhibited. The practical result of this is that there is a thickness limit to
the structures that can produced. Further, because of this diffusion process, a
gradient is formed from the surface with the more densely cross linked on the
outside to a less densely cross linked structure on the inside. This process also
requires an aqueous solution of the alginate to be introduced to an aqueous
solution of the cross linking agent making casting of films in particular shapes
and thicknesses difficult.
Salt based cross linking is not the only method of producing a solid alginate
structure. If the pH of the solution is brought below the pKa of the acid groups
9

on the alginate chain a conformation change occurs that will also result in a cross
linked structure. Also, upon exposure to moderately polar solvents such as
ethanol, which tend to draw water out of the alginate solution, the dehydration
will also cause entanglement resulting in a solid structure. These methods also
cause problems in processing as the solvent compatibility is limited.

1.3.2.2

Advantages

The primary advantage of alginate is its biocompatibility, this stems from its
polysaccaride based structure that is similar to the environment that exists
around cells in vivo known as the extracellular matrix (ECM). Due to the large
void volume and hydrophilicity, the alginate can be loaded with almost any
water soluble compound below its pore size, allowing for further enhancement
and promotion of its inherent biocompatibility.

This ability to uptake

compounds easily is employed in many applications. Alginate is also cheap to
produce and normally considered environmentally friendly [10–15]. Moreover,
mechanically alginate is also considered biologically friendly as it is soft, [16–22]
elastic [23–29] and flexible [23, 30, 31]. These advantages of alginate show a
great number of uses, particularly in the biomedical field.

1.3.2.3

Applications

One of the primary areas of interest in employing alginate is its use in the
biomedical field, where it is employed as a scaffold for encouraging tissue
regeneration because in nature alginates primary function is as a structural
component.

One of the limiting factors in tissue growth is the ability for

re-vascularization of the tissue.

While it is possible to grow cells over the

scaffolds it can be difficult to make this self-sustaining by providing them with
nutrients from the hosts circulatory system. Liran et. al. attempted to solve this
problem by creating an alginate scaffold that has micro-holes laser cut into them,
this provides a pathway for vascular tissue to penetrate into the scaffold and
10

help to create a sustainable environment for continued tissue growth. This
structure

is

then

cultured

with

vascular

cells,

cardiomyocytes

and

cardiofibroblasts which helped to form vascular tissue showing improved
vascular density than without the micro channels.[32] The use of alginate in the
structural component in the form of scaffolds is common in the literature; all
using a similar approach.[33–50] All of these approaches use alginate combined
with cells, however, because of the difficulty in fabrication using alginate, all
rely on composites where extrusion is used in fabrication.

1.3.2.4

Drug Delivery

Drug delivery is another area in which alginate finds importance.

This is

accomplished by introducing a drug into the alginate structure upon cross
linking. This is then injected into the body or placed on the skin (in the case of
burns). The rate of release is tuned by changing the physical properties of the
gel, such as the density, which can be done by changing the ions cross linking it.
Chan et al. developed a model whereby the pore size can be calculated based on
the pH and the linking ions, allowing for a theoretical framework for showing
maximum drug loading. [51] Moreover, beyond just changing the actual cross
link density (and thus the pore size) the topology of the gel structure can also be
altered, such as creating micro-spherical particles[52–58, 58–65], creating rafts
[66, 67] or though fibrous structures [68–75]. In all of these applications, the
release profile is controlled by the geometry of the pattern produced more so
than by modification of the alginate structure. The next section will cover drug
delivery in more detail.

1.3.2.5

Areas of Improvement

Though alginate has many advantages, it still has great room for improvement.
The fabrication methods of alginate are limited due to construction problems
previously mentioned and because of solvent incompatibilities. Moreover, in
11

high sodium environments such as in vivo or in cell culture, the alginate can
undergo ion exchange with the calcium cross links, which results in a decross
linking. Alginate, as with many hydrogels, also tends to just serve a passive,
structural function, limiting its potential.

1.4

Drug Delivery - Background and State of The Art

Drug delivery is a field of research that focuses on making a drug available for
use by the body. This can be by modifying the chemical make up of the drug to
cause the body to direct it to a specific area by natural metabolic and transport
means, by placing the drug at the site of use as in creams, dermal patches, or
injections, or by targeted means, such as physically directing drugs to a site by
modifying or encasing the drug to respond to physical stiumuli such as
magnetic, electric fields or ultrasonic vibrations. This also encompasses delivery
systems designed for making delivery easier, or more reliable such as birth
control implants and patches. All of these things can be combined with existing
diagnostic technologies to create responsive systems that are capable of
detecting and eliminating acute symptoms.
The field of drug delivery is vast and, as the length of the previous sentence
is testament, has a vague and all encompassing definition with a state of the art
that is ever changing and as broad. A particular area of interest is the field of
implantable drug delivery devices, especially for delivery of pharmaceuticals to
the brain.

1.4.1

Drug Delivery Implants

Drug delivery implants are devices that are surgically inserted into the body in
order to provide a dose of drug. This can be done for a variety of reasons, such
as implantation at the site of an acute condition in order to decrease the time it
would normally take for orally administered drugs to reach the target area. It
12

can be done in order to deliver a drug where other means are prohibitive, such
as in the brain where the blood-brain barrier prevents many drugs from being
administered. Finally it can be done for convenience so that daily administration
of an otherwise oral drug can be done with one implantation over a long period
of time so that delivery is automatic, this is the case for the birth control implant.

1.4.2

Birth Control Implant

Subdermal implants for birth control are the most widely used drug delivery
implants. They are the first generation of implant, and one of the few existing
in high volume, they will serve as an example of an ideal device which has gone
from theoretical research to mass deployment. Birth control implants are rod
like devices that are placed under the skin by a doctor in the upper arm. They
typically will consist of two parts, one part is a large reservoir that allows for
drug to be released, and the other is a permeable membrane that allows for slow
diffusion of the drug from the reservoir into the body. The rate of this diffusion
can be altered by changing the porous parts of the device.
As of 2016, there is one implantable contraceptive device approved by the
FDA, known as an etonogestrel contraceptive implant marketed as NexplanonT
and Implanon. These implants are approved for three years after implantation,
though they may last longer they are only guaranteed for that length of time.
Because birth control requires a threshold level of drug to be effective the
implanted device must be able to always deliver above this minimum dose.
These implants allow drug to be delivered directly into the blood stream
through absorption, bypassing digestion, allowing for a lower level of drug to be
used. The drugs used in birth control are not sensitive to over dosing making
the variation in drug delivery over time a less critical factor, so long as a
minimum dose is delivered. The levels of the relevant drug over time in the
blood stream of patients is depicted versus time in Figure 1.2. There is a large
variation that occurs at the upper levels of dosing, but the lower levels are all
13

Figure 1.2: Concentrations of drug released from single rod device over time.
Adapted from Croxatto et. al.[76]
above 100 pmol/L. This method relies entirely on diffusion and is governed by
Fick’s laws, it is therefore, a steady state method that does little to help in acute
cases such as in an episodic event like a seizure or migraine. The variation in
delivery makes use limited to drugs that do not require an exact dose or are
prohibitively expensive to allow for excess delivery. Though this type of implant
demonstrates a successful passive device it does not fulfill the criteria for an
active delivery device, nor was it designed to.

1.4.3

Tuning Delivery

The passive delivery systems similar to the birth control implant are still of
considerable interest. There is a large focus of research on developing and fine
tuning newer and biodegradable technologies for drug release that exist beyond
this field with varying degrees of success.[69, 77–109] However, the newest
commercial interest is in the field of on-demand and controllable delivery.
To achieve on demand, tuned delivery, Santini et al.

have designed a

microchip array, shown in Figure 1.3. The device works by having a very thin
sacrificial cap over a reservoir containing the drug of choice. When a high
potential is applied between the cap and a counter electrode mounted on the
14

Figure 1.3: Depiction of a burst release drug delivery device adapted from Satini
et. al.[110]

chip the resultant joule heating is enough to rapidly burst the capsule to release
the drug instantaneously. This approach creates an on-demand ability to be able
to release drug when needed.
As an example of a drug delivery device which is in an advanced stage of
development, Farra et al. are developing a microchip based technology similar
to the burst release device of Santini, for the delivery of drugs for osteoporosis,
which would traditionally rely on daily injections.[111] This same technology is
currently in human trials and is in the final stages of commercial development.
Moreover, technology is being developed to deliver drugs to sites of low
bioavailability. Prescott et al. are developing a device that delivers Leuprolide
15

which would normally be digested though oral dosing.[112] This delivery was
studied in dogs; however, it proved that one could not only provide the
accuracy of the burst delivery of the original reservoir chips, but also could
design a device that was capable of being turned off when the dosing is no
longer desired via wireless technology.

1.4.4

Implants for Treatment of Epilepsy

Since the recognition that electrical stimulation of the brain provides alleviation
of a clinical event (seizure) in 1954 [113], the development of most devices have
been in the application of an electrical charge in order to provide a clinical effect.
However, it was not until 1976 that the first implant was trialed on humans.
Cooper et al. [114] implanted platinum electrode arrays of 4, 8 or 16 platinum
buttons in 15 patients. Of these 15 patients, 10 of them reported diminished
clinical episodes. This was followed by Levy et. al. in 1979 [115], showing
similar results. However, implantation of both of these devices required a large
section of skull to be removed for electrode placement resulting in a major
surgery, the results of which are that the implant would be a last resort given the
implantation and surgical technology of the day. Importantly the studies did
reveal the efficacy of such a device, and demonstrated the need for
customization of stimulation regimes to fit the individual patients. Work on
stimulation based implants was largely in the trial phase for the following
decades, having to weigh up the benefits of the implant over the implications of
the surgery, until the FDA approval of the Vagus nerve stimulator in 1997 [116],
where this device had surgical advantages over that of the earlier devices,
because the actual device was mounted on the Vagus nerve, not contained
within the skull. This has an advantage of not needing the cranium to be fully
opened, therefore reducing the side effects of the surgery and increasing the
efficacy of device implantation over drug therapy. The device was capable of
decreasing the prevalence of seizures by 30-40%.[117]. Development from this
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point on was focused on deep brain implants, with focus on the mechanism of
action, and the stimulation protocols.[118–129]
Up until this point, all of the devices designed were denoted as closed loop
systems. That is, they only provide continuous or user triggered care, there is no
feedback system in which to detect a clinical event and trigger the device. The
next generation of implants used the same stimulation technology, but with an
improvement in sensing technology also incorporated the ability to detect a
clinical event (a seizure), and initiate treatment.

The first of such a device

approved for implantation by the FDA is the NeuroPace Responsive
Neurostimulator, or RNS, a trademarked brand by NeuroPace Inc, Mountain
View, Ca., which was fully approved for implantation by the FDA in 2013 [130].
It works by affording an EEG array into the device in such a way as to detect
seizures. When the device identifies a seizure, a pre-programmed electrical
pulse sequence is applied in a manner similar to previous devices, aborting the
seizure. Studies show reduction in seizure activity ranging from 50-75%. [131]
From this point, much of the research has focused more on the detection of
seizures within the device rather than the treatment regime, though currently
there is limited evidence on the ability to accurately predict a seizure. [132–142]
As there is development of new stimulation regimes for implants, even faster
is the development of new anti-epileptic drugs. However, this development is
hindered by the ability to deliver the drugs to the brain due to the blood brain
barrier and the need to deliver indirectly through the blood. A combination
approach is thus the next avenue of research, employing well established drugs
for the treatment of seizures with new implant technologies. This approach
eliminates the need for multivariate optimization of stimulation regimes to
simple dose optimization.

However, to accomplish this, new material

technologies are needed, some of which have been mentioned in previous
sections.

Chen et.

al.

demonstrated a method by which a drug can be

encapsulated in a porous spherical membrane and then injected into the
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brain.[69] The membrane slowly leaches out drug for the prophylactic treatment
of epilepsy. Huang et. al. used a similar method, by containing the drug in a
magnetically susceptible membrane mounted on a flexible PET substrate, they
demonstrated that with the application of a magnetic field drug could be
forcibly ejected into the brain, providing an active method of treatment.[143]
Several other methods have been devised outlined in the reviews by Halliday et.
al. and Stacey et. al. [102, 144] which show a growing trend in the application of
drug delivery to neural implants. The scope of this thesis focuses primarily on
this approach in an open loop configuration, however, application of closed loop
principals can also be applied to many of the active release technologies
regardless of their configurations.

The optimum solution being in the

convergence of all of these technologies, to treat a disease whose treatment and
presentation is as unique as the individuals afflicted.

1.4.5

Conclusion

A thorough review of these technologies as they exist today can be found in a
review by Staples [145], many of which have been covered in this section. The
actual state of the art of this specific technology is clouded because of the
potential for commercial development.

The future of this field is lies in

combination of all of these technologies, as presented later, in the development
of entirely new mechanisms that utilize years of materials development
combined with innovative patterning technologies.

1.5

Fabrication - Background and State of the Art

Hydrogels, the theory of which is discussed in section 1.3, are generally derived
from natural sources, which tends to impart biocompatability. Because they are
naturally derived and are inherently soft, hydrogels tend to require delicate
handling. This presents a problem for traditional fabrication methods as most
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Figure 1.4: A graphical overview of common additive manufacturing techniques,
adapted from Melchels et al. [146]
were designed for synthetic systems such as plastics, which are more stable over
a wider range of conditions. Current research in biopolymers is heavily focused
on developing new methods of fabrication, enabling the biocompatable nature
of the polymers to be further enhanced by their structure. This section will
provide the current state of the art of these fabrication methods and how
fabrication can enhance material properties.

1.5.1

Additive Manufacturing

3D printing, or additive manufacturing, is a process by which a structure is
produced by building up the structure.

This is opposite to the traditional

methods, such as machining, where material is removed to produce a structure.
There are several additive methods which are commonly used to produce
structures but they generally fall into four categories: steriolithography, ink jet
printing, selective layer melting and fused deposition modeling. This section
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will briefly cover these methods with later sections highlighting the contribution
of produced structures to the state of the art of biopolymers.

1.5.1.1

Printing Techniques

Steriolithography (SLA) is an additive manufacturing process where layers are
built up using a photocurable resin, each individual layers is polymerized by
rastering a light source across the polymer in the shape being produced.
Steriolithography offers the advantage of high print resolution; however, the
biggest disadvantage is the long print times.

A thorough review of this

technology and how it applies to biofabrication can be found in a review by
Melchels et al. [147]
Ink jet printing is another type of additive manufacturing technique, where
layer addition is accomplished by adding an ink jetted polymer in a manner
similar to a desktop ink jet printer. The advantage of ink jet printing is high
resolution in a reasonable time frame, with a disadvantage of the need for
structural polymers to be dissolved in solvent and high ink cost.

Though

reviews of ink jet technology can be found in Degans et al., Le et al. and Singh et
al. [148–150], a review on the applicability to the printing system to the materials
can be found in Calvert et al.

[151], and a review on ink jet printing in

biofabrication can be found in [152].
Selective layer melting (SLM) is a process whereby a powder (typically metal)
is selectively melted with a high power laser. After one layer is melted, powder
is added back over the top and another layer melted, this process is repeated
to build up structures. SLM has the advantages of SLA, however it is generally
only used in metal or ceramic production. Some of the implementations of this
technique will be discussed in the next section.
Fused deposition modeling (FDM) is a 3D printing technique where a layer is
extruded onto the substrate in a specific pattern. This can be done with melt
polymer, where a filament of the polymer is fed though a heating element
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mounted on a three axis stage that draws the layer. These layers are then built
upon to form a structure. FDM is not limited to melt polymers, with similar
implementations of hydrogels and other materials that are viscous at room
temperature. The advantage of this process is the low cost of the printers and
materials relative to the other fabrication techniques, with the disadvantage of
lower resolution. This technique will be heavily used in the following sections.
A graphical representation of these techniques can be found in Figure 1.4.

1.5.2

Fabrication

of

Structural

Components

for

Medical

Applications
The first generational use of 3D printed components in the medical industry
focused on creation of patient specific structural components.

The use of

additive manufacturing in a surgical environment has the advantage of allowing
for patient specific implants to be designed. This can be accomplished using
diagnostic imaging accounting for the patient specific anatomy. One of the first
implimentations of this technology can be seen in Kim et al. [153] shown in
Figure 1.5, where a 3D model was created of the area of the skull which needed
replacement after a surgery. This was then used to create a negative mold of the
implant to allow for casting of PMMA during a subsequent surgery.

This

process allowed for a reduction from 285 ± 128 minutes to 184.35 ± 26.07 per
surgery.

The molding method was chosen over direct implantation of the

printed part due to the regulatory issues associated with medical implants,
allowing for the customization of the implant without requiring further
regulatory approval as the material producing the final implant, PMMA, had
been previously approved. Another approach which Jardini et al. [154] used
was to directly print the imaged skull with the defect in place and use this as a
template to create a traditional titanium implant.

This process decreased

surgical time from 3 to 2 hours in a single patient under trial. There are many
examples in literature in which this template procedure is used for surgical
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Figure 1.5: Diagram of structural cranial implant, shown as A. 3D image from
CT data of cranial void B. Infill of void to pattern implant C. Implant to be
printed D. Right hand image showing 3D printed implant in between negative
molds created from plaster casting E. Two part mold as it goes into surgery F. The
intra-operative molding process G. CT showing pre and post operative implant
placement. Figure adapted from Kim et al.[153]
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preparation for a variety of applications. [155–159] It was not until 2013 that the
first directly printed implant was approved for use by the FDA [160]. In this
instance, the company known as Oxford Performance Materials produced a 3D
printed cranial device from polyetherketoneketone (PEKK) using FDM
technology.

The approval, however, was not based on the 3D printing

technology. Instead it sought to prove that there is not a substantial difference
from a regulatory stand point as currently existing custom implants. Following
this approval, BioArchitects took a similar regulatory approach in 2015 gaining
approval for a fully printed tiatnium implant. [161]
To date the sum of the state of the art in application is limited to structural
implants. The regulatory hurdles also limit this further, all current approvals are
based on similarity to existing implant technology. Therefore, the application is
limited to implants that already exist. Osorio et al. state that there is little
efficacy in using a 3D printed cranial implant over a transitionally manufactured
custom implant with regard to long term outcomes.

[162] The best

implementation of these implants are in structures that cannot be traditionally
fabricated, however, implementing such structures in practice generates
regulatory limitations. Recently the US FDA has released draft guidance to
alleviate some of these regulatory hurdles towards innovative device
manufacturing.

[163] This provides guidance to manufacturers wishing to

undertake the approval process of a completely new device. Moving forward
however, the truly innovative approach will be in combining the fabrication
advantages of additive manufacturing with the breakthroughs in materials
technology, so that the structural element not only serves its function as an inert
body but actively promotes the healing process.

1.5.3

Fabrication of Biologically Active Materials

The next stage of fabrication development was bringing functionality not only
from the structure produced, but also from imparting functionality to the
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Figure 1.6: The production of a printed vertebral body, A, with a co-printed
PCL/Bioink construct. B, the resulting structure with the cell distribution shown
in C. D shows the cultured result with the conformation of bone link formation
using X-ray shown in E. Figure adapted from Daly et al.[164]

materials used to make the structure.

This has been employed in tissue

engineering fields to create fabricated replacements which are not just structural.
The general form of the produced structures at the current state of the art are
scaffolds. This structure is important for tissue culture, as the scaffold bodies
contain the bio-actives (and sometimes the cells themselves) and voids that
allow for diffusion of endogenous nutrients.[165] Further, these voids can also
allow space for re-vascularization of tissue, which is important for the long term
sustainability of an implant. [166–170]. The formulations of the material making
up the structures contains several common elements: a structural material, a
bioactive material, and, sometimes, cells. These three elements can be combined
in a variety of ways. In one such instance Daly et al.[164] took alginate and
combined it with an amino acid sequence (Arg-Gly-Asp), this serves to enhance
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cell adhesion as it is a common motif for adhesive proteins that exists naturally.
[171–176] This was optimized and tested against similar materials that also
promote cell adhesion such as methacrylated gelatin, or GelMA, and
methacrylated polyethylene glycol (PEGMA), showing superior cell adhesion
properties in vitro. The ink was then modified incorporating mesenchymal stem
cells to provide a seed cell line to promote bone regeneration. To gain spacial
control over the regeneration, this ink was co-printed using an FDM extrusion
process with polycaprolactone (PCL) as seen in Figure 1.6 in the shape of a
vertebra. Because of the need to cross link the alginate to form a solid body, each
layer had to be cross linked. The produced structure was then cultured, with the
result shown in Figure 1.6d and the X-ray showing bone formation in e. This
system shows the efficacy of using such a process to template organs, bringing
the structural body into a new active dimension.

In another approach

Narayanan et al. [177] combined the structural and bioactive elements into one
structure. In this construct polylactic acid (PLA) nanofibers were formed using a
process that drives fiber formation with a liquid shear,

known as

XanoShear.[178] These fibers were collected and combined with alginate and
adipose-derived stem cells to form a bio ink, which was then printed in the
shape of the medial meniscus in the knee joint using a FDM extrusion technique.
This nano-fiber laden ink increased the bioactivity of the cells, with the resulting
metabolic rate of the cells 28.5% higher versus that of the ink without the PCL
fibers. Moreover, the histology of the meniscus showed a 147% higher cell
density at 8 weeks. This process not only promoted cellular activity, but it also
combined the structural and functional elements into one, simplifying the
printing process. There are many such examples of similar constructs, all using
similar methodologies.[179–192] Scaffolds are not the only area benefiting from
the combination of fabrication and functionally active materials, another such
area is in the fabrication of customized medicine.
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1.5.4

Fabrication of Drug Delivery Devices

Figure 1.7: Process of creating a patterned variable release structure, adapted
from Sun et al.[193]

One specific way in which the combination of fabrication and materials
development is observed through the production of custom release medications.
One unique way to do this is highlighted in Figure 1.7, in this process a 3D
printed mold using an FDM printer is created in a specific shape which will
create a varied release. This mold then has PDMS cast over it to create a negative
mold. This negative mold was then filled with a UV-Cross linkable gel loaded
with a specific drug and exposed to UV light. Around this the same polymer
was cast without the drug in it and cured. This assembly was then encapsulated
in an impermeable polymer so that the dissolution of the permeable structure
would only occur from one direction. Looking at Figure 1.7e on the right side, a
structure such as this will be dissolved from the top downwards. The effect of
this is when the larger areas are being dissolved they will release more drug and
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less so when the smaller areas are dissolved. This modulates release in a wave
like manner. Another implementation of additive fabrication to drugs has been
recently approved by the US FDA.[194] In this technique, the drug substance is
created in a method similar to both Inkjet and SLM technologies, where an ink
jet printer prints down glue to adhere the structural particles together. Over
each layer that was printed there was a subsequent ink jetting of a high loading
of the drug over the top. This allowed for a very porous structure to be created
with a high drug loading, making the tablet quick dissolving. This aids people
who have trouble swallowing tablets, avoiding more painful injection
approaches. Other implementations of these technologies can be found in the
literature following similar trends, with several concise reviews[22, 195–202].

1.5.5

Conclusion

The development of new forms of fabrication is complementary to that of
materials development. The fabrication techniques themselves have been shown
to impart function with additive fabrication having the advantage of allowing
for the creation of previously unproductive structures. As it was shown in the
previous sections, many of these fabrication techniques are complex, with a
trend towards simplifying the methods, combining the structural and the
functional materials into one. Further, the production of new variable delivery
technique requires complex, multi-step processing, limiting the ability to
implement the technique on an industrial scale.
In context to fabrication the body of this thesis reflects the trends presented
above, transitioning a previous material which acted as simply a structural
material and providing functionality. This functionality is further enhanced by
the ability to fabricate it in a new way that combines both structure and
function, opening up an entirely new avenue for development.
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Chapter 2
Electrogels - Development
2.1

Introduction

Alginate is a hydrogel that is derived from seaweed commonly used in
biological applications due to it’s biocompatability, favorable mechanical
properties low cost, and high availability, discussed in detail in the theory
section 1.3.2. An alginate solution is not inherently rigid, forming a viscous
liquid when the solid is dissolved. Alginate gains mechanical strength though a
process known as ionic cross linking. The side groups of the alginate molecule
contain a carboxylic acid which has a minus one charge.

This charge is

countered in solution by a monovalent ion, such as sodium. In order to solidify
the alginate this ion can be replaced with a polyvalent ion, coordinating two or
more alginate molecules together as shown in Figure 1.1 on page 9. This can be
done by extruding the alginate solution into a bath of a polyvalent counter ion in
large molar excess, a process known as wet spinning. The limitation to this
process is the outer surface solidifies first, limiting further diffusion into the
inner surface of the structure being extruded. One solution to this is to coaxially
extrude cross linking agent and alginate to form a fiber, creating a cross-sectional
area that is small enough that diffusion is no longer limiting. To form structures
it is therefore necessary to then pattern structures from these fibers.

These

structures provide excellent scaffolds; however, these structures can only serve a
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Figure 2.1: When an positive potential is applied to the copper electrode in an
alginate bath, the copper metal gets oxidized to Copper(II) ion, this selectively
complexes with the alginic acid, displacing sodium and allowing for two alginate
monomeric units to be ionically linked, resulting in cross linking. Because the
cross linking is instantaneous around the wire evenly it forms a dense network,
thus trapping it at the electrode surface.
passive, structural function. Further, this is a solution phase process using salts,
the cross linking agent must be used in a large molar excess to drive the
equilibrium forward towards cross linking, which is limited by the solubility of
the salt. This chapter focuses on a new technique designed to overcome these
problems.
Here we define electrogels as a new class of cross linked polymer that utilize
the electrolysis of metal into an ionic form to perform the cross linking in lieu of
salt solution based chemical methods. The focus of this chapter the development
of a new cross linking process involving the oxidation of copper metal to a
polyvalent copper ion which then serves as the cross linking agent to the
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alginate, as shown in Figure 2.1. Copper ions are generally redox active [203],
meaning that the polyvalent ions can be reduced to either a +1 or 0 oxidation
state, resulting in a removal of the ions which cross link the alginate molecules.
Electrochemical processes, through the use of a potentiostat, provide feedback
data which allows for a greater ability to control the reaction process. The
potentiostat also provides the ability to change experimental conditions, such as
reaction time, and reaction potential. This allows for a way to provide tuning of
the reaction process. This is opposed to chemical, salt bath, processes which rely
on molar excess, with effects that are difficult to predict without knowing the
exact molar mass of the alginate which exists as a distribution.

To further

understand the processes involved in the cross linking and de-cross linking, this
chapter will explore how the electrochemical properties manifest themselves in
the resultant gels.

The first section discusses the copper oxidation process and how it is used to
determine the ideal potential for gel growth, followed by a discussion on
reference offsets for translation between electrochemical data and gel growth.
This will end in an investigation on the effect of voltage on gel growth rate. The
next section discusses the effects of exposure of the electrode to potential over
time and how this exposure affects the properties of the produced gels. Finally,
the novel feature of these gels will be investigated,

the ability to

electrochemically de-cross link them. In all sections there is discussion on power
consumption, which is often not considered relevant on lab scales, but holds
particular importance on production and future use of the gels in applications,
especially the de-cross linking power consumption, which will find application
in subsequent chapters, and provides valuable information for further
development in a commercial environment.
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Current Density (A/mm^2)

3.2x10-6

(vs Ag/AgCl)

Figure 2.2: Cyclic voltammograms of copper in phosphate buffered saline (PBS)
and in alginate relative to an Ag/AgCl reference electrode taken at 0.5 volts per
second using an aluminum counter electrode to show copper oxidation in the
two media.

2.2

Copper Oxidation

The first step in forming an electrogel is to identify the correct voltage to apply.
Copper was chosen for this due to the relatively small potential difference
required between copper and aluminum to oxidize the copper.

Aluminum

serves as the counter electrode, resulting in minimal voltage input required to
oxidize the copper. Copper can exist at several oxidation states from 0 to +4, and
on occasion -2; oxidation states other than 0, +1, and +2 are uncommon and are
typically encountered in organometallic complexes [203]. Any oxidation state
over the +1 will result in the cross linking of the gel at the surface of the
electrode. The first step is to identify the correct oxidation potentials to apply in
order to produce the copper ions. Cyclic voltammetry (CV) was performed in
phosphate buffered saline (PBS) in order to find the correct oxidation potential,
and then in alginate to eliminate the possibility of interfering redox with the
alginate itself. The resulting cyclic voltammagrams are shown in Figure 2.2 .
Unlike a typical CV, a large amount of noise is produced in the current
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Figure 2.3: UV Visible spectrum of free standing 1 hour growth electrogel at 2.5
V potential difference.
output of the experiment, which is caused by the oxidation process consuming
the electrode under measurement making it difficult to produce a clear signal.
This can be overcome by fast cycle times; however, fidelity of true E p values
becomes skewed as peak hysteresis occurs.

The scan was conducted over

several different scan rates; however, 0.5 volts per second provided the least
amount of peak shifting with acceptable levels of noise. Any speed below this
results in a signal to noise ratio too low to allow confident interpretation of the
scan. From this data, the peak potential in PBS is determined to be 2.211 V
versus Ag/AgCl, with peak current of 1.08x10−4 A. In alginate the peak
potential being 1.748 V vs Ag/AgCl with a peak current of 1.38x10−6 A. This
information is necessary as it provides the minimum potential required to
oxidize the copper to copper ions, and, therefore, the minimum potential which
will theoretically produce ions for alginate cross linking as well as potentials
above this value.

Figure 2.3 shows the visible absorbance spectra of a gel

produced at 2.5 V potential difference for one hour. The lambda max value
corresponds to the literature value for a Copper (II) salt. [204]
The peak currents of the CV in Figure 2.2 are quite different which can be
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Figure 2.4: Resistance of a 2% alginate solution versus distance using a 40 mm2
copper electrode corresponding to a resistivity of 1267.067 ± 171.17Ωm.

attributed to differences in the system, as PBS is more conductive than alginate
(shown in Figure 2.4); therefore, uncompensated resistance will affect the
response as discussed in the theory section 6.2. Moreover, the viscosity of the
alginate will inhibit diffusion, which results in a more pronounced peak as
compared to copper in PBS because diffusion can occur faster in the PBS
solution resulting in a broader peak in the cyclic votammagram. The solution
conductivity of the alginate could be corrected by the addition of an electrolyte
such as PBS; however, it was observed that this will not allow the formation of
electrogels. This is attributed to a side reaction occurring whereby the oxidized
copper preferentially reacts with the PBS to form an insoluble copper salt which
falls out of solution and inhibits cross linking. Moreover, monovalent salts in the
PBS further promote an uncross linked state in alginate as they are in a high
molar excess.
However, gel formation is not the only consideration and selecting the
correct growth voltage must also take kinetic, efficiency, and materials factors
into account.
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Figure 2.5: CV of copper oxidation in alginate with and without a reference
electrode providing the offset potential to convert between an Ag/AgCl reference
electrode and potential difference of the Cu—Al electrodes.

2.3

Reference Offset

The potential applied using a potentiostat is relative to a reference electrode
(usually a wire in a saturated salt solution, such as Ag/AgCl) as potential is a
differential measurement. However, this can add complexity to the fabrication
setup, and are not always necessary in electrochemical systems where there are
no comparisons to other electrochemical systems. Further detailed theory can be
found in section 6.2. In order to simplify the electrogel fabrication process, the
experiments originally carried out on a potentiostat were transitioned to a DC
power supply. Because later characterization is of material properties, it does
not need current feedback, and because the composition of the bulk system is
non-changing, it is possible to perform further production of the gels using a
simple DC power supply. DC power supplies are much more common, allowing
many parallel experiments to take place; however, DC power supplies apply a
potential difference, not an absolute potential as they do not utilize a reference
electrode. Therefore, it is pertinent to establish a conversion between a standard
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reference electrode (such as Ag/AgCl) and the counter potential of the
aluminum/copper cell. To do this a CV was carried out using the previous
parameters with and without the Ag/AgCl reference electrode shown in Figure
2.5. This indicates a potential offset of +2.085 V, which results in an offset from
standard hydrogen electrodes of +1.866 V. All subsequent voltages will be
quoted in reference to the counter electrode. For further details on conversions
between reference electrodes, see section 6.1.2.3 on page 122.

2.4

Choice of Counter Electrode

The choice of counter electrode was chosen to be aluminum over the traditional
platinum

counter

electrode

due

to

the

autocatalytic

effect

of

the

Aluminum/Copper cell, which has a working potential of -5.66 V vs that of a
Platinum/Copper cell, which has a working potential of -0.474 V. This indicates
a strong equilibrium to the oxidation of copper to copper ions. Therefore, the
system is more efficient in terms of required applied power.

2.5

Effects of Voltage on Growth

Though the E p potential is an important measure gained from section 2.2, as this
is the minimum value required to produce the copper ions and thus electrogel
formation. With an increase beyond this value the process will still occur, but
with increased kinetics. However, the potential can only be increased to a certain
value where other reactions can also occur, such as water splitting or redox of
the carbohydrate which makes up the alginate. Because of this, it is necessary to
analyze the effect of potential on the electrochemistry, so that the highest
potential can be applied with the minimum possibility of side reactions. This, in
turn, will allow for faster production of the electrogels. Figure 2.6 shows the
current versus time curves for various voltages. The ideal curve will be smooth,
any sharp peaks or noise indicative of side reactions such as water splitting or of
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Figure 2.6: The amperometric i-t curves of the electrochemically cross linking
process at different voltages in an alginate solution with the composition
indicated in section 7.1.1.

an adsorption/desorption event. When water begins to split, the redox reaction
causes an increase in current. Because the products are a non-conductive gas,
the contact between the electrode and the solution is severed as a bubble is
formed on the surface. This causes a rapid fall off in the current, generating
spikes in the current output. Further, adsorption/desorption events can also
occur producing a similar effect. To minimize these effects, a visual analysis of
the amperometic curves is conducted at various potentials. Figure 2.6 reveals
that voltages below 3.5 V show no current spiking as compared to those above,
indicating a low probability side reactions and tending to follow the Cotrell
form. Detailed theory of this is discussed in the theory section 6.2.5.5.
To gain a better understanding of the process the next section will focus on
one curve, at one potential, in order to provide a detailed theory of the growth
mechanism, with the assumption that other potentials have the same mechanism
but occour at different rates. This will build on general information about the
cross linking process and allow for selection of the proper growth voltage for a
specific application.
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Figure 2.7: Amperometric i-t curve of the electrochemical cross linking of alginate
at 2.5 V for one hour, and the same experiment in only water, fluoroscein solution
and fluorescein solution with glucose. The glucose serves as an analog of alginate,
being a reducible sugar but not capable of cross linking.

2.5.1

Cross Linking Process
Cu(aq) −→ Cu2+ + 2 e−

(2.1)

Cu2+ + 2 Alg− −→ Alg−Cu−Alg

(2.2)

In the Nernst equation, for a constant set of laboratory conditions, the
equilibrium of a redox reaction can be calculated from the potential difference in
the system. This is how pH is measured. Conversely, given an applied potential
the equilibrium of the system can be set. Once the potential is applied, the
system will respond by driving to this new equilibrium established by the
potential. This can be measured by monitoring the current over time. Recall that
current is electron flow, meaning that when the oxidation of copper is occurring,
the current flow is due to the copper metal oxidizing to a copper ion; therefore,
the current is proportional to the rate of oxidation of copper when there are no
other processes occurring. Because alginate will be cross linked by the release of
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copper ions from the surface, this means that the current is also proportional to
the cross linking of the alginate. Therefore, a theory about the mechanism of
cross linking can be developed from monitoring the current during copper
oxidation with the assumption that copper oxidation is limited by alginate
uptake of the ion. A mechanism can be inferred from the changes in rate, which
would indicate a change in what process is occouring. To determine this, an
amperometric experiment was performed with a constant potential applied and
measured over time, the theory of which is covered in section 6.2.4 on page 133.
It must be noted that this interpretation makes the assumption that all copper
will go into cross linking alginate, this assumption is validated by the lack of
copper plating on the surface of the counter electrode.
In order to eliminate side reactions contributing to the current, the first step
is to measure the amperometric i-t curve with all of the components separately.
The first experiment was ran in DI water shown in Figure 2.7, which due to its
high resistance shows very low current output.

In the second experiment,

fluorescein was titrated into the solution until the conductivity of the alginate
solution was reached, this is done so that the current output will be on the same
order of magnitude as the reaction being monitored as resistance affects current
and potential though Ohms law. Glucose was then added as it is an analog to
alginate, being structurally similar. This will identify any effects caused by the
redox of the sugar molecule, as sugars are redox active.

Finally, the

amperometric experiment was ran using the alginate solution.
In the electrolyte only experiment (labeled as Fluorescein in Figure 2.7),
copper was oxidized at 2.5 V. Following the Cotrell equation the amperometric
curve shows an initial peak indicative of the copper within the interaction zone
being oxidized, and then rapidly falling off as it becomes diffusion controlled.
Theoretically, the current should remain at the same level unless the equilibrium
is disturbed. However, in this situation there is a slight rise in the current. As the
electrode is consumed, the surface becomes rougher, increasing the surface area
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of the electrode. This leads to a slight increase in the current over time.
Figure 2.7 shows the amperometric i-t curve of a 5 mm exposed copper disk
electrode at 2.5 V potential difference. In the introduction section, amperometry
is covered in great detail; this process, however, differs in that the working
electrode, the copper, is a reactant and is being used for measurement. In a
traditional experiment, the environment around the electrode will remain
constant leading to a plateau once all of the redox active species have been fully
converted to a reduced or oxidized species at the electrode surface. The plateau
will be non-zero as new species can diffuse in and out of the interaction volume
of the electrode. In this setup, the redox active species, copper, exists in large
excess in comparison to solution. This means that the concentration of redox
active species will not become limiting (until the electrode is fully consumed).
The only component left that will limit current is, therefore, the ability to remove
copper from the surface. In the cross linking process there is a general trend of
decreasing current. According to Le Chatelier’s principle, the concentration of
oxidized copper at the copper surface will limit the amount that can be
produced until mass transfer allows the removal of excess copper ion. Meaning
that no more copper can be oxidized until the previously cross linked alginate
(now an electrogel) is transported from the electrode diffusion layer, making the
process depicted in equation 2.2diffusion limiting.

This diffusion process

becomes inhibited by the change in viscosity of the electrogel immediately
surrounding the electrode as it becomes increasingly cross linked.
In detail, using the amperometric i-t curve in Figure 2.7 labeled as electrogel,
the first peak observed in the amperometric curve is the maximum current
drawn caused by rapid onset of oxidation of copper of the first layer to be
released from the surface (labeled with ”I”). Double layer charging was
eliminated as a contributor to this peak as it is not observed in the glucose and
flourecein traces at the same time scale, as glucose is of similar chemical
composition (both being carbohydrates), and it is not dependent upon viscosity,
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only ionic size and charge. After this has occurred the current drops due to all
copper in the interaction volume being oxidized and reaching an equilibrium
with diffusion outward from the electrode surface; this equilibrium shows at the
first leveling off after the peak occurring at 250 seconds (labeled as ”II”)and
continues at a slightly decreasing rate until a sharp fall off at 1500 seconds
(labeled as ”III”). During this time there is a build up of cross linked alginate
(electrogel) on the surface of the electrode until the electrode is fully covered
with cross linked gel. After this, there is a drastic reduction in the current and,
because the rate of copper oxidation is proportional to cross linking, a reduction
in the cross linking rate (labeled as ”IV”). Once the surface is covered the density
of alginate solution surrounding the electrode increases, decreasing diffusion of
new alginate to uptake the copper, decreasing the current. This makes the
increase in alginate density limiting to further cross linking; however, it is not
completely limiting as the current does not go to zero.

As discussed previously, the Nernst equation implies that controlling the
potential of a redox system will affect the equilibrium. This in turn will affect the
rate, as the further from equilibrium the system is, the greater the inital rate to
attempt to establish the equilibrium.

This means the greater the potential

difference, the faster the reaction rate. To get a measure of relative rate of the
reactions versus the applied potential, Figure 2.8 plots the time of a distinctive
feature of the i-t curves (the first peak) in current versus the applied potential,
extracted from Figure 6.3. In theory, any distinctive point could be chosen, the
first being the most clearly identifiable. Using this information it is possible to
determine the rate law of the electrogel formation process. This graph indicates
that the rate of the copper oxidation reaction shown in equation 2.1 is second
order with respect to voltage, which provides useful information for predicting
fabrication rates. This figure also demonstrates that after an applied potential of
5 volts, the rate increase caused by the increase in potential difference levels off.
Therefore, after 5 volts the increase in potential difference has a negligible effect
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Figure 2.8: Peak current time versus applied voltage.
on the rate.

2.5.2

Properties of Gels

The density of a cross linked gel is not a fixed constant. Just as with waters
density varying with temperature, ionically cross linked gels density can vary
with the number of cross links present. The number of cross links not only
causes the physical molecules to draw closer together, but also expels water due
to this, thus varying the density.The number of cross links in the structure (the
electrogel structure) can be varied by altering the cross linking conditions. The
increase in potential creates an increase in the alginate (electrogel) cross linking
rate, as shown in the previous section. The electrogel density is directly related
to the density/number of cross links between the alginate molecules. However,
this increase also has an effect on the water content and the resulting electrogel
density, shown in Figure 2.9a. Water content is important because it is a measure
of how well the electrogel will uptake an aqueous solution. As mentioned in the
introduction chapter, one of the primary applications of hydrogels is in drug
release. Drugs are loaded into the gel though the aqueous phase; therefore, the
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Figure 2.9: a. The percent water and alginate density versus voltage of gels grown
for one hour on a 5 mm copper electrode b. The percent weight copper per weight
of alginate (wt/wt) giving an illustration of the number of cross links per gram
of alginate.

less hydrated the hydrogel, the less drug loading capacity it will have.
In order to measure this, the electrogels were fabricated in bulk and a dye cut
out of each gel grown at different potentials in triplicate. These were placed on
paper towels until no excess water was observed wicking out of electrogel. This
was then weighed and the thickness measured, as density is weight per unit
volume. This was then dried and reweighed, with the difference in weight
between wet and dry being the water content. The data in figure 2.9a shows that
the water content has a gradually decreasing trend as a function of increasing
potential, with a large decrease at 10 volts. The decrease in water content is
caused by an increase in the cross links between the alginate, allowing for less
void area to be filled by water. Therefore, the decrease in water content leads to
an increase in the density of the cross linked alginate structure (electrogel
structure) as shown in Figure 2.9a.
The density has a linear growth until 4 V. Looking at Figure 2.6 on page 39,
this is the potential at which there is an introduction of side reactions as is seen in
the amperometric i-t curves seen in 2.6. At these potentials water begins splitting
into hydrogen and oxygen gas. This formation of gas will create voids in the
gel, which decrease the overall density, clearly shown at this point in the density.
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After 4 V, the increase in copper oxidation rate causes the cross linking process to
again regain dominance and the density again increases linearly.
Figure 2.9b shows the weight per weight percent of copper to alginate in
grams, the copper content extracted from the amperometric data calculating the
number of mols of electrons transferred and calculating the equivalent amount
of copper. This gives a relative number of cross links per gram of alginate
showing a trend of increasing cross links with increasing voltage, leveling off
after 4 volts. Because the calculation of alginate density is done by weighing the
gel in its dry state after cross linking it is not susceptible to the distortion by side
reactions in the same way copper content would be, as it is a derived calculation
from amperometric data. Therefore, the alginate density is considered the more
accurate measure.

2.5.3

Power Efficiency

Power efficiency is a measure of how much energy is input to produce a given
amount of electrogel.

On the lab scale, the power efficiency of electrogel

production is not typically a concern. However, for industrial processes it is an
important matter to consider and provides more descriptive information on the
electrogel production process.

Figure 2.10 shows the amount of power

consumption per gram of electrogel. The trend shows a linear increase in power
consumption per gram with the increase in voltage indicating that the increase
in growth rate does not compensate for the increased power expenditure and
the most efficient voltage to apply in terms of power consumption is the lowest
voltage capable of producing the gel, assuming that the resulting mechanical
and physical properties are adequate for the gel produced. The calculation of
these values can be found in section 7.2.1.12.
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Figure 2.10: The amount of power in watts per gram of alginate cross linked.

2.5.4

Selection of Cross Linking Paramaters for Further Study

In the previous sections, the effects of electrogel cross linking potentials were
presented in terms of the physical properties of the electrogel. In subsequent
application sections where the electrogel devices will be employed in drug
release devices, water content and electrogel (alginate) density become critical
parameters, with the highest water content that forms a stable gel the most
desirable. The CV in Figure 2.2 shows that the peak potential value, or E0 , is at 2
V. The hydration properties in Figure 2.9a and power efficiency in Figure 2.10
suggest further that the lower the growth potential, the more hydrated the gel
and the greatest power efficiency. However, at lower potentials the copper
oxidation rate, and thus the cross linking rate are slower. This leads to the
selection of a slightly higher potential to allow for quicker cross linking but
formation in a reasonable amount of time.

This leads to the selection of a

potential difference of 2.5 V. Further, 2 V electrogel cross linking is possible;
however, this produces structurally unstable gels as it does not reach the second
decrease in current seen in the amperometric curves in Figure 2.6, indicating
incomplete coverage on the electrode surface. This is further substantiated by
47

noting that the gel is visibly not coating the surface. Therefore, further study
will concentrate on growth at 2.5 V. However, potential is not the only factor that
affects the properties of the electrogels. The time over which potential was
applied also has a distinctive effect. The previous section covered the effects of
potential with a fixed time (typically one hour), the next section will cover what
effects a fixed potential with increase time has.

2.6

Effects of Cross Linking Time

In the previous section it was shown how the kinetics and the efficiency of cross
linking are affected by the applied voltage. This section will focus on how the
time the potential is applied (labeled as growth time) has an effect on the
properties of the resulting electrogels.

The general reaction mechanism is

discussed in section 2.5.1 on page 40; however, this only describes the effect of
increasing density over the period of an hour. The next section will discuss the
longer time scales(up to five hours) with subsequent sections discussing how the
growth time at constant potential exhibits itself in the physical properties of the
electrogels. This will establish the basic data required to allow for the proper
selection of electrical conditions to produce an electrogel with specific
mechanical properties,

providing an interrelationship between growth

conditions and produced electrogels.

2.6.1

Gradient Formation

When discussing the formation of electrogels over time, it is also necessary to
acknowledge that, similar to the alternative cross linking techniques, there is a
gradient of cross link density formed emanating from the electrode surface and
decreasing outwards. In subsequent sections, physical data will be presented as
an average over the structure; therefore, an average over this gradient. This
means that the physical properties described also exist as a gradient
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perpendicular to the electrode surface. The gradient effect can be described
mathematically with the use of Ficks second law, a detailed theoretical
discussion of which can be found in section 6.2.3.2. From the surface of an
electrode, an electrochemically active species will exist in a gradient in relation
to the distance. But in electrogel cross linking the electroactive species has the
additional effect of creating a density/viscosity gradient due to the change in
viscosity (due to the differences in cross link density) at the electrode surface as
the cross linking proceeds and because diffusion is a function of
density/viscosity, it will also create a diffusion gradient. Therefore, the general
equation of Fick’s second law must be altered to express this in mathematical
terms. Diffusion can be put into terms of viscosity using the Stokes-Einstein
equation:

D=

Kb T
6πηr

(2.3)

where Kb is the Boltzmann’s constant, T is the temperature in Kelvin, η is the
viscosity and r is the spherical radius of the particle (in this case the radius of a
copper 2+ ion). This is combined with Fick’s second law, shown in equation 6.28
on page 132, to give:

δc( x, t)
K T δη −1 δ2 θ
= b
δt
6πr δt δx2

(2.4)

The general form does provides a convenient description to understand the
process involved and provides a mechanistic approach to understanding some
of the experimental observations.

Qualitatively, the equation describes the

gradient changes (the concentration of copper ions outward from the electrode
surface) over time, which also create a change in viscosity which counters
further diffusion away from the electrode with increasing time that the voltage
is applied. Experimental determination of this gradient change is also difficult;
however, it can be approximated by taking a cross-section of the gels
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Figure 2.11: Cross section of electrogels taken with a light microscope grown for
different time periods as a function of distance from the electrode (on the left),
the darker the image the higher the copper concentration.

perpendicular to the electrode cross linked at different times, shown in Figure
2.11 where the greater the absorbance of light the higher the concentration of
copper as it absorbs light (being blue in color) in a monochromatic image.
However, because this is a microscope image cross-section it suffers from errors
in luminosity differences and reflections as the surface is not perfectly smooth
and can defract light and create shadows (this also would have the same effect
in optical absorbence and transparency measurements). To provide a better
illustration of this effect, and to eliminate some of the optical artifacts, the
average of the gray value was taken along its length and converted to a percent
black value (with pixel saturation set as 100%). Because copper is the primary
absorbing species in the microscope image, the percent pixel saturation (how
close to black an individual pixel is) gives a measurement of copper
concentration relative to the highest concentration of copper in terms of percent.
This approach also suffers from the lack of absolute quantitation, providing a
relative quantitation to the lowest copper concentration.

It does provide

definitive evidence that a gradient exists. At low growth time (the time which
potential is applied) the ion gradient is more gradual. At increasing growth
times the gradient becomes steeper, eventually leading to pixel saturation. On
the overnight growth time the gradient rises sharply, however, this is an effect of
the gel becoming too opaque for accurate measurement as the pixel reaches 100
percent saturation not seen in the other growth times. There is a trend of the
50

0

1

2

3

100
Overnight (16 hr)

75
50
25
0
100
1.5 Hour Growth

75
50

Percent Black (%)

25
100
0
1 Hour Growth

75
50
25
100
0
20 Min Growth

75
50
25
0
100
5 Minute Growth

75
50
25
0
0

1

2

3

Distance from Electrode Surface (mm)

Figure 2.12: The average image saturation across a cross-section of electrogels
grown at different time points showing the cross link density, as the copper is the
major contributor to light absorption in a microscopic image it is assumed that
the darker the image the more copper present. This gives percent black of the
image as a function of distance with full pixel saturation being equal to 100%.
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Figure 2.13: SEM and EDX Mapping of electrogels grown at three different time
points, with an arrow pointing from the interior surface touching the copper
electrode to the external surface in contact with solution.
steepness of the gradient increasing with increasing growth times.

This

information is important for interpreting the overall average physical data to be
presented later, and that as growth time increases, the average of the physical
properties becomes more accurate. The next section will focus on the effects of
time on the gel growth to provide more quantitative results.

2.6.2

Long Term Growth Mechanics

In order to examine the mechanism of growth of the gels over time,
amperometry is employed by measuring the current at a fixed potential over
time. In this experiment, shown in Figure 2.14, the current is produced from the
oxidation of copper metal to copper ion. As the copper ion is produced, it is
complexed to the alginate causing cross linking. Therefore, the cross linking
process can be monitored by measuring the current. This method was employed
in section 2.5.1 on page 40, this study was limited to one hour. Exploring the
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Figure 2.14: Amperometric i-t curve of alginate cross linking at 2.5 volts of a 5
mm copper electrode.
current over a longer time period at a fixed potential gives information to help
determine the optimal time of growth. The discussion on the time from from
zero to one hour was discussed in section 2.5.1. Looking at Figure 2.14 at one
hour there is seen a leveling off of the current, indicating that after one hour, less
copper is being oxidized and the rate of cross linking plateaus. This is due to a
decrease in the diffusion from the electrode surface, limiting the oxidation
reaction from proceeding. Further, after two hours, the current output becomes
more erratic, diverging from an ideal curve. This is due to the increase in
consumption of the electrode, leading to an inhomogeneous surface. Visually,
this is also evident as holes are present in the copper tape after it is removed
from the alginate bath and the electrogel removed.
Amperometry is not the only evidence of diffusion being a prime contributor
to the growth of the electrogels, the diffusion constant can also be measured
though cyclic voltammetry using a known redox active redox couple,
ferri/ferrocyanide.

This is done by incorporating the compound into the

alginate and performing a CV after growing the gel for a given amount of time
at scan rates where full reversibility is assumed. The Cotrell equation, the theory
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Figure 2.15: Diffusion to the electrode surface of ferricyanide versus gel growth
time. Calculations described in section 7.2.1.9.

of which can be found in section 6.2.5.5, is then used to calculate the diffusion
constant. The results are shown in Figure 2.15. The trace shows a trend similar to
that seen in the previous section, as viscosity is one of the primary contributors
to the diffusion constant, ceteris paribus this is the factor that is changing.

Though the bulk viscosity of the alginate is constant at a given concentration
and temperature (as is the density), the viscosity and density of the electrogel
varies with the cross link density. This density, as discussed in previous sections,
is affected by the potential applied and the time the potential is applied. This
serves as further proof the concepts described in equation 2.4; however, the high
Reynolds number of alginate [205] does not allow for direct conversion of the
diffusion constant to viscosity through the Stokes-Einstein equation described in
equation 2.3. It further shows the plateauing effect discussed in the previous
section after one hour. The next section will examine how the time potential is
applied has an effect on the physical properties of the produced electrogels.
54

(a)

20

Young's Modulus

Ductility

15

200
10

Ductility (%)

Young's Modulus (MPa)

300

100
5

0

0
0

1

2

3

4

5

Time (Hours)

(b)

Figure 2.16: a. Effects of time on the hydration properties and the alginate density
(grams of material per volume electrogel produced) at 2.5 V growth potential. b.
Young’s Moldulus and Ductility versus gel growth time at 2.5 V.
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2.6.3

Mechanical Properties Versus Time

The previous sections concentrated on the cross linking process from a
mechanistic standpoint. This section will cover how the time a set potential is
applied (known as the growth time) will affect the physical properties of the
produced electrogels. This information is important to be able to be able to
produce an electrogel with a specific density, water content, and strength fit for
purpose in application of these gels.
The water content is an important parameter for a hydrogel. A large amount
of the biocompatability of these gels come from their large water contents.
Therefore, decreasing it too substantially may adversely impact the application
of the gel. However, too high of a water content has an impact on the strength of
the gels. Figure 2.16a shows that the water content of the electrogel decreases as
a function of increasing growth time. This can be modeled with an exponential
decay function to predict the water content at 2.5 V. Conversely, the electrogel
density has an exponential increase, which indicates that the number of cross
links per unit area is increasing, driving out water and increasing the mass of
alginate in a volume.
Unlike the growth at different voltages, this data does not suffer from
distortion due to side reactions occurring as the measurements were taken away
from the potential region where the reactions occur, making it easier to model
accurately.
Whereas a high water content is desirable for many applications, this can be
traded to gain strength of the gels. The water content range is large for a
hydrogel from 86 to 74 % in this experiment, a comparable ionically cross linked
hydrogel with copper (II) salt only results in a 2.9 % decrease in water content
with a doubling of cross linking agent.[206] This can allow the produced
structures to find applications where previously alginate would have been too
fragile because of high water content. This also allows for production of a larger
range of strengths and water contents.
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As mentioned previously, the water content and density will also have a
strength on the electrogels produced. With the increase in time there is an
increase in electrogel density and an increase in strength. However, with an
increase in strength there is also an increase in brittleness or ductility.

To

determine these parameters, dog bones (a dumb bell shaped structure used for
mechanical testing) of the electrogels were grown and subjected to tensile testing
until failure. Figure 2.16b shows the effect of time of growth on the Young’s
Modulus and the ductility; the theory and interpretation of such results are
discussed in the theory section 6.4 on page 149. The strength increase is linear
until three hours where there is a large increase, but due to the error
encountered at higher growth times the exact function to model this behavior is
not able to be determined; however, it is most likely exponential as evidenced by
the exponential increase in the electrogel density which is the physical
parameter responsible for the increase in strength. It is also important to note
that even for gels grown for only an hour the strength was higher than
traditional cross linking with calcium, even at higher calcium salt content, which
had a maximum of 1 MPa. [207, 208]. This may lead to the ability to form the
electrogel into a plastic like material.

The ductility (or stress at failure) is a measure of how brittle the material is,
the lower the value the more brittle. The ductility of the electrogels shown in
Figure 2.16b shows an exponential decrease with an increase in growth time.
Meaning that as the strength of the material increases, so does the brittleness. In
application it is an important parameter as it provides an indication on how
flexible the electogel will be without breaking. With the increase in growth time
there is a gain in strength but also an increase in the brittleness of the material.
In order to decide the correct strength and ductility an application must first be
determined. High Young’s modulus can alter the biocompatibility of the gels.
Therefore, in biological applications it is important to keep the Young’s modulus
at a minimum that still provides enough strength to hold its shape.
57

For

applications discussed in the next chapter, flexibility and high water content are
the most important factors to consider as the mechanical strength even at one
hour is higher than needed to maintain its own weight and form a solid
structure. The next section will concentrate on the unique ability of these gels,
the ability to undo the cross linking.

2.7

De-cross linking

In many electrochemical reactions, the oxidation and reduction process is
reversible, meaning ions can be oxidized from an elemental state to a higher
ionic state and back again. In previous sections, the growth of the electrogels
was performed by electrochemically oxidizing copper to create a cross linking
ion. This section will focus on the unique ability of electrogels, the ability to
remove the cross links (or de-cross link) electrochemically. Though de-cross
linking has been achieved in alginate before, it is done though chemical means,
such as using EDTA to complex with the cross linking ion, removing the cross
linking ions. This section will focus on the de-cross linking process, hypothesize
a mechanism and finally discuss the process in terms of the electrical efficiency.

2.7.1

De-cross Linking - Voltage Selection

Cyclic voltammetry scans potential and measures current. In a perfectly resistive
system this would produce a diagonal line relating the resistance to the current
and potential though ohms law.

However, peaks in this digram relate to

electrochemical reactions taking place. This method was employed in section 2.2
to determine where the copper metal oxidizes to copper ion (known as the E0 )
which is the minimum potential to initiate the electochemical cross linking
process. In this section, a pre-grown gel was left on the electrode and the cycle
repeated, looking for a current peak in the negative current axis to indicate that
the copper ions are being reduced back to their elemental state. Figure 2.17
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Figure 2.17: Cyclic Voltammagram at 0.5 volts per second of copper reduction
from alginate grown on electrode for one hour at 2.5 V carried out in 0.1 mM
PBS.

shows the CV of the gel being scanned into the negative region and back to
positive to complete the cycle. There are several reduction peaks seen starting at
0.25 V and below. Meaning that below 0.25 V the copper begins to be reduced to
a lower oxidation state. Going more negative there is another distinct peak
shown at -0.75 V. Below this potential (not shown), there is a drastic increase in
the current, indicating water splitting from the solution. The forward oxidation
wave seen at 1.5 V is also noted to be much more pronounced than the reduction
peaks seen below 0.25 V. This indicates that the process is not fully reversible.
Meaning that the de-cross linking process is less favored than the cross linking
process. Another point of note is that exacting measurements and application of
potentials to the electogels is difficult, as the de-cross linking potential is
applied, a layer of the solid electrogel is converted back to the liquid alginate
state. This leads to an bad electrical connection between the electrode and the
electrogel and eventually, if the electrogel does not have pressure applied to it,
will float off. This problem will be solved in the next section. Because reduction
occours below 0.25 V, subsequent sections investigating the process will focus on
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potentials below this value.

2.7.2

De-cross Linking Process

As done previously, amperometry is used to examine the de-cross linking process
over time. The assumption in this experiment is that all current observed is due
to the reduction process in the electrogel. In extreme potentials this assumption
does not hold true as water begins to undergo splitting.
The de-cross linking procedure presents challenges in long term
amperometric experiments. The biggest challenge to overcome is keeping the
gel on the electrode. When a voltage is applied, there is a certain interaction
volume close to the electrode where redox can take place. This starts close to the
electrode surface and extends over time. Because this occurs from the back, the
gel de-cross linking can cause the gel to fall off of the electrode surface when the
layer adhering to the copper is converted back into a liquid state. To overcome
this the gels are wrapped tightly in PET plastic to provide pressure, keeping the
electrogel on the electrode. In the bottom of the film a slit is cut and PBS is
backfilled underneath the film to proved electrical connection to solution.
In a production process of the electrogels, side reactions can cause
inconsistency, such as inclusion of bubbles from water splitting. However, in the
reverse process, these side reactions are less critical, as long as the process
occurs. In a later example, this process will be used to induce release of a drug.
In this application, decross linking will be shown to facilitate release. In this
application the rate of release needs to be considerably faster than passive
release to be effective. Therefore, in the development of the process (with the
final application in mind), speed was chosen as critical factor.
In the first experiment, four potentials below E p were chosen, 0.25 V, -0.25 V,
-1 V, -2 V, and -5 V the current measured over time shown in 2.18a for potentials
less than -5 V, and in Figure 2.19a. The figures were separated to provide greater
detail in the lower potential ranges which become obscured due to scaling in the
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-5 V experiment. This experiment is designed to indicate if there is any current
flow, indicating reduction of copper and de-cross linking. Further, it can give
an indication where side reactions become prevalent. All potentials show some
current flow, increasing with increasing potential. At -2 V, side reactions appear
to become prevalent after 1250 seconds. These side reactions manifest as sharp
changes in the current output, which are not reproducible. This can be seen in the
beginning of the -5 V experiment. This experiment was repeated in only PBS with
no electrogel present on the electrode in order to eliminate any possible reactions
other than the electrogel. It is of note in the -5 V curve that when the experiment
is ran there is a high current with no electrogel present. When the electrogel
is present this process is inhibited due to the electrode surface having no direct
access to solution.
As before, the current at one specific potential will be used to give an
indication of the de-cross linking process, with the assumption that current is
proportional to the de-cross linking process when side reactions are not present.
It was established that potentials more negative than -2 V have side reactions
present. Therefore, -1 V will be examined in greater detail to provide detail,
shown in Figure 2.19b. At the very beginning of the experiment there is a peak
relating to all the copper in the interaction volume at once being reduced. The
peak is very close to the edge of the data. After this peak there is a gradual rise
in the current as the electrogel closest to the surface of the electrode becomes
de-cross linked and therefore less viscious (more liquid like). This allows for a
better electrical connection between the electrode and the electrogel, initially
increasing the current. After this liquid layer reaches the interaction volume of
the electrode, the reduction then becomes diffusion controlled, gradually falling
off as copper is consumed.
The next section will focus on the power consumption associated with the decross linking process. This becomes important in applications, such as in portable
devices, where power consumption must be considered.
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Figure 2.18: a. Amperometric i-t curves of the de-cross linking process in PBS at
various voltages of electrogels cross linked at 2.5 V potential difference for one
hour on a 5 mm copper electrode. b. Amperometric i-t curves of bare copper
electrodes in PBS solution on a 5 mm copper electrode.
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(a)

(b)

Figure 2.19: a. Amperometric i-t curves of the de-cross linking process of a
bare 5 mm electrode in PBS, and an electrogel cross linked at 2.5 V potential
difference on a 5 mm copper electrode in PBS at -5 V, separated from due to
scaling differences. b. Single amperometric i-t curve of electrogel cross linked
at 2.5 V on a 5 mm copper electrode, de-cross linked at -1 V potential difference
in PBS.
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Figure 2.20: The power consumption of the de-cross linking process of a 2.5 V gel
grown for one hour on a 5 mm copper electrode at different potentials.

2.7.3

De-cross Linking Power Consumption

In order to measure the power consumption, de cross linking potentials were
applied to an electrogel and the current measured. This was then converted to
Watt Hours, the standard measure of power consumption in batteries, shown in
Figure 2.20. In a perfect device, the power consumption would increase linearly
with an increase in potential. However, the data shows an exponential increase
as power is increases. This is due to the increase in side reactions seen in the
previous section not contributing to de cross linking, which consume power
without contributing to the de cross linking process. In the growth process in
section 2.5.1, it was shown that an increase in potential increases the rate at
which the process occurs. The de cross linking process can be further assumed
to obey this trend. Though the increase in side reactions may lead to a decrease
in power efficiency, the increased rate may overcome the need for power
efficiency. The next chapter will focus on and further reinforce the theory of
de-cross linking, and the rate proportional to applied potential by providing a
measurable response to the de cross linking process.
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(a)

(b)

Figure 2.21: Patterns created by applying a laser cut PET mask in the desired
shape over the top of a copper. a. Patterned electrogel using 2.5 V applied growth
potential on a masked copper electrode for one hour b. Patterned electrogel
snowflake using 2.5 V applied growth potential on a masked copper electrode
for one hour.

2.8

Patterning

Throughout the subsequent chapter, electrodes have been used in order to
explore both the chemical and electrochemical processes involved in gel growth.
Within these experiments, it was necessary to create defined electrogel
structures. In order to achieve this, an insulating mask was placed over the
copper electrode with the pattern to be produced cut in negative and sealed to
the surface. The insulation prevents the oxidation of the copper, allowing only
exposed areas to produce copper ions and thus cross link the alginate to produce
electrogels.

This technique was used in order to produce dog bones for

mechanical testing, shown in Figure 2.21a. This method can also be harnessed to
produce more complex structures. In Figure 2.21b, a complex snowflake pattern
was produce to show that complicated shapes can also be produced in a well
resolved manner. The information presented throughout this chapter can be
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applied to this process, as the surface area is not fixed, however, it must be used
in combination with the Randles equation, the detailed theory of which is
presented in section 6.2.5.7, in order to allow for relative comparison to the
physical properties presented in this chapter and the surface area of the
electrode used.

2.8.1

Conclusions

This chapter focused on the production of electrogels, both the proposed theory
behind the process, and how the electrochemistry influences the resulting
electrogels physical properties. The information gained will be used in the next
chapter to construct a device using electrogels to produce on demand release of
a drug. This release application will further strengthen the information on the de
cross linking process, by using the release as a measure of the relative de cross
linking rate. Pulling from this chapter, the first section determined the minimum
E p value required for copper oxidation in the presence of alginate to produce an
electrogel. A potential offset from the standard Ag/AgCl electrode was also
determined in order to eliminate the three electrode setup. The relationships
established between applied potential to the copper electrode and the time the
potential is applied were also established, with the information to be used to
select the correct growth conditions, optimized for the release application.
The de cross linking process was examined by monitoring the current during
de-cross linking.

However, because side reaction not associated with the

reduction of copper were observed, this information can only be used to
demonstrate that the process is occurring, and that the general trend is similar to
that of the growth process, that the rate increases with an increase in applied
potential. The next chapter will involve the measurement of the effective rate of
de cross linking by measuring a chromophore being released in the process.
The chapter also showed there is more precise control over coverage of the
electrode by the gel are at a growth potential of 2.5 V at the lowest time (1 hour),
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which produced a gel that was still stronger than a calcium salt cross linked
equivalent.
Finally, by applying a mask to the copper electrode a pattern can be produced
in the exposed areas.
The parameters for the experiments in the next chapter were determined
from this section, and because maintaining a high water content is paramount to
strength the optimum growth potential is the lowest allowing for consistent
coverage of an electrode, 2.5 V, and the time is kept to the minimum that allows
for consistent coverage, 1 hour.
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Chapter 3
Drug Release from Optimized
Electrogels
This chapter will harness the ability to electrochemically de-cross link the
patterned alginate to facilitate a mock drug release. It will further be shown that
the controlled nature of the electrochemistry involved allows for a variable rate
of release as well as the natural passive release traditionally associated with
alginate.

3.1

Introduction

Many diseases, such as epilepsy, require a combination of prophylactic and
acute therapies to fully treat the symptoms of the disease as seizures will still
occasionally occur, requiring a rapid dose of medication. [209] Another problem
facing current pharmaceutical treatments of epilepsy is the high oral dose
required to make a bioactive concentration available to the brain where it is
needed[105].

To solve this problem a cranial implant would be the ideal

solution. However, as is evident in section 1.4.1 most of the current designs
approved for implantation are rigid, making implantation in a confined
structure such as the brain difficult. Another problem associated with such
implants is the power consumption as batteries in the brain are difficult to
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change, even with RF charging, the associated heating of the battery during
charging within the cranial plate may result in brain hyperthermia.[210] Devices
available capable of active release on demand also require power to deliver the
prophylactic dose not just for active, rapid dose (burst) release. Electrogels
provide a solution, as they can be made compact, flexible and also deliver a
prophylactic dose passively without power consumption and can deliver on
demand burst release when needed by applying a de-cross linking voltage,
meaning power is only needed when a rapid dose is required.

3.2

Drug Mimic Loading and Choice

Loading of the drug mimic into the electrogel structure is accomplished by
encapsulation during cross linking. Due to the loading method being simple
encapsulation the loading will be the same for all drugs independent of their
structure assuming they are soluble in the alginate solution. The release kinetics
may change depending on the analyte’s hydrodyanamic radius.
Burst release occurs because of de-cross linking, the release will be a
diffusion effect, which does not markedly rely on the chemical composition of
the drug with the following assumptions: the drug is small in size (below the
alginate pore size), the drug does not chemically react with alginate or the cross
linking agent, the drug is stable over time, and the drug itself does not ionically
cross link the alginate. With these limitations in mind, the model drug mimic
was chosen as fluorescein. Fluorescein, though not medically relevant, provides
a fluorescent active substance, enabling efficient monitoring even at sub-micro
molar concentrations, an ability limited in many medically relevant drugs which
rely on time point collection in lieu of an online continuous technique for
concentration determination. This process limits the extraction of kinetic data.
Further, fluorescein is also cheap allowing for multiple release studies for a
nominal cost. Finally, it is also optically stable for the long duration required in
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Figure 3.1: Overview of patterned gel growth setup and the resulting flexible
electrogel release device.
this study. Because of these considerations, it acts as a model for a medically
relevant drug such as Dexamethasone which has similar size (at a molecular
weight of 392.461 g/mol to fluorescein’s 332.31 g/mol) and both containing
moderately polar carboxyl, carbonyl and hydroxide groups. Therefore, further
studies will consider the release of fluorescein as an analog to dexamethasone,
referring to it as a drug mimic.

3.3

Device Fabrication

In order to focus on the release aspect of the chapter the growth parameters
were taken from the previous chapter and held constant. For this application,
high water content, and subsequently high drug mimic content was needed.
Therefore, a one hour growth at a potential difference of 2.5 V was selected to
provide easily detectable levels of release.
The gel growth process is outlined in Figure 3.1 where a length of copper
tape is applied to a flexible plastic support. Over the top of this copper tape,
a patterned mask, made of laminating plastic, is applied to mask areas where
patterning is not desired providing a consistent growth area. After the gel is
grown it is immediately removed from solution, rinsed to remove uncross linked
materials and then covered tightly with a thin polycarobonate film.
Because the de-cross linking process occurs from the electrode surface, not
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the outer surface of the device, once the de-cross linking process begins the layer
acting to adhere the gel to the electrode will be consumed, resulting in
delamination of the gel from the device.

To overcome this, a tight film is

wrapped over the gel to provide physical pressure to keep the gel in close
proximity to the electrode so that active release can continue. A slit at the
bottom of the film gives access to the bulk solution; this slit is back-filled with
PBS in order to keep capillary forces from affecting release and to provide
electrical contact to solution.
The pattern was chosen with two parameters in mind, the first is that the
design was originally devised with mechanical testing in mind, with the top
disk providing a constant area for hydration measurements and the bottom
providing a dog bone for tensile testing. Keeping the same structure eliminates
the possibility of changes in mechanical and hydration properties that may be
associated with a change in geometry, an area which has not been fully assessed.
Secondly, the structure also provides a large reservoir at the top for the drug
mimic to diffuse down to the bottom which is a narrowly patterned section. This
reduces passive diffusion rate by keeping the bulk of the material away from the
solution and allows for a longer term release.

3.4

Drug Mimic Loading

Establishing the relationship between solution drug mimic content and device
drug mimic content is the first step in characterizing these devices. The amount
of drug mimic loaded into the solution is not necessarily the exact same
concentration as that of the bulk alginate solution. Traditionally total content
would be established by measuring the device until it is depleted; however, due
to the longevity of the device this is not practical to do experimentally.
Therefore, the total drug mimic loading must be determined from an average of
several created devices through a destructive process.
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Three devices were cross linked for an hour at 2.5 V potential difference
versus an aluminum counter electrode in 50 mL of a 2% alginate solution with a
1.33 mM concentration of fluorescein. They were then frozen and ground into a
powder which was added to a basic solution of EDTA. The EDTA chelates to the
cross linking copper ions, causing the alginate to de cross link and release all of
the fluorescein contained into solution. This is then brought to a pH of 7.4 to
ensure the absorption spectra is the same as what is being measured. It is then
filtered and diluted to be measured via UV/Vis. The average concentration of
the gel after three repeats was 5.715mg with a standard deviation of 0.568mg.
Subsequent sections when quoting a percent value will be based on this result,
the error associated with that concentration must also be kept in mind.

3.5

Passive Release

Traditionally, hydrogels have been used for passive release in many devices
(discussed in section 1.4.2). Electrogels retain the passive release capability of
these hydrogels. Whereas the unique aspect of these gels is the ability to actively
release, the passive release is also important for long term prophylactic
therapies. Moreover, when discussing the active release it is also necessary to be
able to establish passive release as the baseline to determine percent change over
this.
In applications such as epilepsy, prophylactic dosing is required.

In

traditional devices, the ability to deliver both prophylactic and acute dosing
occurs both by an active mechanism. That is, the device delivering the drug
mimic releases periodically for prophylactic dosing and when an extra acute
dosing is needed. In devices such as those described in section 1.4.1, this means
that power is consumed with every dosing, which can act to limit the lifetime of
the device as power consumption becomes a significant factor in longevity. One
solution is to construct a device consisting of a passive element for prophylactic
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dosing which does not consume power, and an active element that only
consumes power on demand. The electrogel material presented combine both of
these elements into one material. Unlike traditional active release devices, the
prophylactic dosing of this device is constant instead of a burst release, using no
power.
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Figure 3.2: a. The initial passive burst release mass of electrogel grown at 2.5 V
for 1 hour over a period of 1 day. b. The mass of passively released drug mimic
after the initial burst.

(a)

(b)

Figure 3.3: a. Passive release curve of electrogel over a period of 4 days. b. Open
circuit potential of drug delivery device operating in passive mode.
The first step in analyzing the electrogel device is to characterize the passive
release characteristics. To do this, the device was placed in PBS and the release
measured over a period of 6 days, with a solution change over occurring after
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the first day. This is because initially a large burst release occurs, saturating the
detector leading to a non-linear response. This initial burst can be seen in Figure
3.2a, showing a large delivery in the first 1.5 days. After this point the fluorescent
signal deviates from linearity, therefore the solution was changed. Figure 3.2b
shows the passive release curve over a further 4 days, which shows a leveling off
as the mass released over the 4 day period is approximately the same as released
in the first 24 hours.
This data led to the release rate calculation shown in Figure 3.3a. The passive
release over time had an average release rate of 2.4 ∗ 10−6 %/sec with a standard
deviation of 1.2 ∗ 10−6 %/s a maximum value of 6.3 ∗ 10−6 %/sec and a
minimum value of 6.1 ∗ 10−7 %/s leading to a range of 5.7 ∗ 10−6 %/s. This
relates to a release of approximately 0.21%/day.

Assuming that the rate

remained constant it would take approximately 480 days to deplete the device,
showing that as a passive device it maintains longevity even with a small drug
mimic loading. However, it must also be assumed that this rate would decrease
at long time scales as the analyte becomes depleted, limiting the effective
lifetime which is determined by maintenance of a minimum dose.

3.6
3.6.1

Active Release
Release Mechanism

The first step of constructing the active release device was to determine the
release mechanism.

In chapter 2 it was established that the copper redox

reaction can cause de-cross linking, and thus facilitate release by causing a
change in the density of the electrogel and thus diffusion of an encapsulated
material out of the device. However, this redox reaction can be controlled either
by controlling the current or controlling the potential applied. The first method
is simply by applying a potential difference for a specified time similar to that
done in the previous chapter. The next method is to apply a given current for a
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select amount of time. The third and final method is to monitor the total charge
of the system, which involves monitoring the current over time. The application
of current over voltage allows for the change in resistance of the device to be
compensated for, which is caused by the change in the electrical properties
previously discussed. The application of a set charge will allow for control over
an exact amount of copper being reduced. However, both of these methods
require complex electronics to be incorporated into the system. The specific
circuits which would be used are described in the theory section 6.1.2.4.
Applying current required a current follower circuit as described in section
6.1.2.4, and the application of charge requires an integrator circuit and onboard
memory, usually provided by a micro-controller. Both of these circuits consume
more power and have a larger physical foot print than those that provide only
potential control, which can be performed directly from a battery power supply,
with minimal control circuitry, and thus minimal energy consumption of the
device. Implants must be designed with longevity and compactness in mind,
due to the difficulty of recharging implanted devices.

For drugs that only

require a threshold to become physiologically active, and where overdosing is
not likely, precision can be sacrificed for longevity. In a typical case for the use of
Dexamethasone, a large over abundance of the drug is present in order to allow
for an active dose to be present at all times; therefore, overdosing in such a
device as presented in this thesis is not likely. The method chosen to perform the
active function in this device for these reasons was potentiostatic control.

3.6.2

Selecting Release Voltages

As discussed in section 2.7.2, the voltage applied to the electrogel has an effect
on the rate of release. In that experiment the current output was measured with
an applied potential.

However, as the potential difference increases, side

reactions become prominent, reducing the power efficiency, and consequently
the release efficiency. Because of these side reactions, determining the de cross
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linking profile at higher potentials could only be inferred. By measuring the
release of a chromophore with applied potential, the de cross linking can be
further observed indirectly by assuming the release rate is proportional to the de
cross linking rate. This also had an added benefit of allowing for an active
release mechanism. In any form of implant, battery life becomes a critical factor
in the longevity of the device. Therefore, the initial experiments focused on the
correct selection of voltages to produce an active release event. Figure 3.4 shows
the release output from a 1 hour grown electrogel, with the physical properties
described in section 2.5.2, over a potential difference range from 0 to 10 volts.
Each potential was held for one hour. The technique in early experiments relied
on a flow based system and because of this, a dead volume created a sensing
delay of approximately 10 minutes, therefore the starting point is offset by that
amount. Each potential was applied for one hour and then increased to a greater
potential. Because the gel is loaded with large molar excess of drug mimic, the
system will not come to equilibrium and level off within a reasonable time
frame, therefore was limited to one hour. This experiment used a constantly
applied potential due to this, background subtraction would not be accurately
determined and assumed to be minimal in comparison to the active component.
Later experiments will be made to more accurately determine the effect of active
release over passive.

The just from raw data the release rate is difficult to determine as the scaling
does not allow for easy interpretation as the rate is not apparent. By taking the
derivative of Figure 3.4 it is possible to then determine the rate of release versus
the time, shown in Figure 3.5a, with the right axis indicating the applied
potential. As this is raw data, a smoothing function needed to be applied as a
slight change in the data point due to noise can result in a large change in rate of
the derivative of this function. The first thing to note is the peak rate obtained in
the derivative, which is the maximum attainable rate for the specific potential.
Due to this being an electrochemical process, there is an interaction volume from
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Figure 3.4: Mass Released (red) over time with applied potential (black) of an
electrogel grown for 1 hour (properties described in section 2.5.2), smoothed
using LOESS function.

the electrode surface associated with the redox reaction causing the de-cross
linking (the reduction of copper ions to a lower oxidation state). Much as in the
amperometric curve in Figure 2.18a on page 62, there is an initial peak that
results from everything within that interaction volume undergoing redox and
continued current relying on diffusion into this interaction volume, limiting the
effective burst release time. After this peak is achieved there is a fall off of the
rate with continued potential application. The massive dip in rate that can be
seen at 7000 seconds is a derivation artifact created by the increase in rate
achieved at 3 V with a subsequent fall after the potential had been applied for 53
minutes. The corresponding change can be seen in Figure 3.4 at the same time. It
is also observed that at potentials over 5 V the rate appears to fall off. This can
be attributed to two things, one is the leveling off of the background passive
release, and the other being side reactions becoming competitive for the de-cross
linking process.

Therefore, further investigations will focus on potential

differences of 5 volts and below.
The data also shows that sustained application of a potential will eventually
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Figure 3.5: a. Release rate (red) over time with applied potential(black) of an
electrogel grown for 1 hour. b. Average molar release rate versus applied
potential.
lead to a fall off in the release rate. Because of this, in a real application, Ideal
bursts will be relatively short (under the hour measured here), and spaced to limit
their repetition time. Moreover, short pulses with long time in between them
will also allow for a reasonable approximation of the passive release with the
assumption that the active component does not majorly contribute to the overall
shape of the release. The next section will focus on the effect of such pulses and
subtract out the passive component in an effort to validate the active component.

3.6.3

Pseudo Rate Law

Part of explaining the reaction kinetics is to develop a rate law in order to allow
for prediction of decross linking behavior. The rate law will be put into terms
of potential allowing for estimation of release rate. More importantly though,
the process allows for the development of a function that can be fitted in the
event that fabrication parameters are changed. The most important parameter to
determine is the order of reaction. This should be independent of the physical
properties of the gels, with only the rate constant requiring adjustment. This
reduces the data required to make an estimation of the rate versus potential to
two points, the passive rate, and the rate at an active potential.
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The data used to determine the rate law can be found in Figure 3.5b,
however, several assumptions have to be made. The first assumption is that
release rate of the fluorescein is directly proportional to the plating of copper
onto the active electrode and that no other processes are occurring, meaning the
potential is below that where side reactions can occur. The second is that the
release rate at no applied potential difference is equal to passive release.
With these assumptions in mind the first step to determining the reaction
order is to subtract passive release from all active points. Using the initial rate
method, data obtained was plotted and fit to the following equation:

InitialRate = k [V ] x

(3.1)

Where k is the rate constant, V is the potential difference, and x is the order
of reaction. The fitting results in an order of 2.97 ± 0.27 which rounds to 3, to
give a third order reaction.

The rate constant was determined to be

7.1059x10−10 ± 2.64x10−10 L2 Mol −2 s−1 .

Accounting for the passive release

component, the equation to estimate release rate with a two point calibration
would take the form:

R a = k [V ]3 + R o

(3.2)

Where R a is the active release rate, Ro is equal to the passive release, k is the
rate constant, and V the applied potential difference.
Because production of devices does vary, the rate equation proves a method
of calibration of a device. The equation contains two unknowns, the passive rate,
Ro and the k value. To obtain them when calibrating, the passive rate can be
measured and substituted into the equation. Following this a stimulated release
rate must be measured and put into the equation:

k=

Ra
− Ro
[V 3 ]
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(3.3)
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Figure 3.6: Release curve of an electrogel device grown for 1 hour at 2.5 volts
showing the mass released and the model fitting of the release, indicating
bleaching of signal at long time scales.
This will allow for rate constant calculation, and subsequent estimation of the
release rate substituting the value back into equation 3.2.

3.6.4

Pulsed Active Release

In an idealized device, there would not be a constant application of potential as
in the previous section. Prophylactic dosage would rely on the passive release
discussed in section 3.5 and acute care would be provided by a pulsed burst
release of drug mimic caused by potential application to the electrogel. As with
the release devices discussed in section 1.4.2 the release does not necessarily
need to deliver an exact dose, only a threshold dose.
In order to accurately gauge the release and show the release rate over the
passive release, the background passive release must be subtracted.
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Figure 3.7: a. Plot showing the passive release subtracted active release (top)
versus the applied potential difference (bottom). b. A zoomed in view of release
plot a. showing release rate in terms of mass and percent release.
accomplish this, a release curve was taken with 10 minute pulses and the
function described in section 3.5 was fitted. This curve was then subtracted from
the data to minimize the passive release effects, as well as compensate for signal
saturation at higher concentrations. This model assumes that the passive release
is the primary contributor to the shape of the curve in the linear region, to make
this true the total pulse time is taken as less than 25% of the total time measured.
Figure 3.6 shows the fit overlaid onto the release curve along with the fitting
parameters used for the later background subtraction. Figure 3.7a shows the
release rate (the derivative of the background subtracted release curve) as a
function of the applied pulse. At longer times when signal begins to become
saturated, the data is no longer quantitative; however the data collection was
continued in order to provide qualitative proof that the process was still
occurring.
The first pulse set applied shows a response that is lower than in subsequent
pulsing sets. Before any reverse bias is applied to the electrogel, the inner most
surface in contact with the gel is densely cross linked and, therefore, lower in
fluidity. Due to the lower fluidity, overall electrode contact is low leading to
inefficient application of de-cross linking potential. As the de-cross linking takes
place, the inner surface becomes more hydrated, allowing for better contact and
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subsequently better delivery of reverse bias, seen in the third set of applied
pulses.
Even though the data beyond about 60,000 seconds is no longer quantitative,
it can still show the effect with a reduced apparent release spike. Using ANOVA
it is shown that this release is still statistically significant beyond the background.

3.7

Conclusion

This section has built on the the concepts described in chapter 2 to show an
application in a release device. This is further used to prove that de-cross linking
is taking place.

Any potential over 1 V can result in a stimulated release.

Further, the gels themselves provide a passive release component that can allow
for release for over 200 days. This provides a solution to the drug delivery
problem in which passive release is required for prophylactic dosing and a
mechanism for when acute treatment is needed of a system.
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Chapter 4
Electroprinting Alginate to Produce
Gradient Structures
4.1

Introduction

Hydrogels often have low structural integrity, which for some applications is
sufficient, but for applications where strength is needed hydrogels are often
combined with a harder, structural component as discussed in the introductory
chapter. Because hydrogels are inherently soft, this structural material is often a
different type of material altogether, such as a hard plastic. This results in two
dissimilar materials requiring an interface between them,

creating a

mechanically weak spot where delamination occurs. This chapter draws on the
ability to tune the density of electrochemically active alginate (electrogel) in
order to provide a printing solution to this problem by creating a variable
hardness structure, using the same material throughout but varying the cross
link density, thus eliminating delamination issues encountered between two
dissimilar materials.
Because this chapter produces not only a new patterning technique, but also
the development of the system to implement it, the first section will be devoted
to the hardware and software developments. Starting with an overview of the
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patterning technique, followed by the physical layout of the hardware, the
specific selection of the components, and the software workflow needed to go
from an image to a printed structure.

This is followed by the process of

characterizing the structures produced under different patterning conditions,
and how they relate to materials produced previously through the
implementation of printed structures.

4.2

Patterning

In chapter 2, it was shown that alginate can be cross linked by providing the
cross linking ion electrochemically, by oxidizing copper to a polyvalent ion,
resulting in cross linking of alginate. By using an electrically isolated syringe
and tip with the counter electrode in the barrel, a patterned structure can be
produced by rastering over the top of a piece of copper tape submerged in
alginate as represented in Figure 4.2, copper is selectively oxidized, selectively
cross linking the alginate. The counter electrode assembly consists of a piece of
aluminum foil, rolled to form a tube submerged in alginate inside of a syringe
barrel. At the bottom of the syringe barrel is a compressed piece of paper to act
as a salt bridge, this prevents the solution from quickly leaching out of the
assembly.

Before the aluminum counter is placed in the assembly, alginate

solution is forced through the salt bridge and the tip with a plunger in order to
provide a conductive pathway to the base filled with solution.
Chapter 2 also showed that it was possible to modulate the mechanical
properties of the gel by varying cross linking parameters, such as altering the
time that the potential is applied. Combining this, with the rastering method
previously described, it is possible to alter the time at each individual position to
alter the density of the patterned electrogel, Figure 4.3 outlines the process of
taking a computerized raster image and converting it into an array of exposure
times before moving to the next point in the array; traveling from the top left to
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Figure 4.1: Physical hardware layout of Electroprinting System.

Figure 4.2: Schematic view of the electrochemical cell used for electroprinting.
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Figure 4.3: A depiction of raster based patterning of electroactive alginate.
the right and then moving down to the next row. Subsequent chapters will cover
in greater detail the rastering process, and the process of taking an image into
such an array.

4.3

Printer

Though the primary focus of previous chapters has been in highlighting
materials development, in conjunction with this several hardware developments
have also been developed in order to fully utilize some of the unique properties
of the materials.

Therefore, this section will cover the development of the

printing capability of the electrogel, specifically the hardware and software
developments that have had to take place.

4.3.1

Hardware Overview

There are two different hardware level components in the electroprinting system,
the three axis positioning system to enable printing, and the power supply, to
provide the electrical potential difference. Figure 4.1 shows the physical layout
of the electroprinting system. Two linear stages are mounted on top of each other
to provide XY movement for patterning control. On top of the upper stage is a
mounting to allow placement of a standard petri dish shown in appendix A.1.
The petri dish contains a strip of copper submerged in alginate solution, with
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one end of the copper sticking out to provide a lead to the positive terminal of
the power supply. The third linear stage is mounted above and perpendicular to
the XY stage to provide Z-axis movement (not illustrated in the diagram). The
Z-axis contains a mount holding the counter electrode assembly, highlighted in
Figure 4.2, in place above the XY axis. The counter electrode assembly contains a
piece of aluminum foil connected to the negative terminal of the power supply.
The Z-stage is not entirely necessary for this process;however, it does allow
for the system to compensate for the XY stage not being level. Discussed in
greater detail in a subsequent chapter, the electroprinting process is sensitive to
the distance between the tip of the counter electrode assembly and the copper at
the base. Therefore, the Z stage provides enhancements to the printing process
by eliminating effects of slight differences in height encountered in the printing
process. By accounting for the slopes in the XY plain the Z stage can compensate
for these differences by moving during XY rastering relative to the slope in the Z
plane.

4.3.2

Hardware Selection

4.3.3

Image Processing

In order to enable printing of varied structures, a way of converting a digital
image into a program that the software can understand had to be devised. This
enables the printer to be more versatile and not require complete re-coding in
order to enable a new print. To understand the conversion processing first the
properties of a digital image must be understood. This section will rely on the
assumption that the image is in the JPEG or Bitmap format, however, this process
will be similar with minor modifications for any input image.
A JPEG image typically consists of 3 arrays, each array representing one of
the primary color channels, red, green and blue. Each element of the array will
pertain to an individual pixel in the overall image. Each individual element
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Figure 4.4: Flow chart outlining the image processing for preparing an image for
electroprinting.
consists of an intensity value of that pixel, from 0 to 255, with 255 being zero
intensity and 0 being 100 % intensity. If the array is describing blue and has a
value of 0, it means that the pixel will have a 100% intensity value for blue.
However, because the process that we are working with has only one channel,
the time of exposure at each pixel, then only one array is needed to represent the
pattern, therefore the first step is to convert from an image from three arrays to
one. This can be done by converting the image to grey scale, as a grey scale
image is represented by only one array, with an element value of 255 being
white and 0 being black, and numbers in between being a shade of grey.
Because contrast (or degree of cross linking) in electroprinting is provided by
the length of exposure at a given pixel location, the value for pixel saturation
must be inverted, with 255 as total pixel saturation. This is because the value will
be converted to an exposure time at an individual point in the array. Therefore
the next step is to create the complement of the input image, which inverts the
intensity values in the array.
As previously noted, the individual pixels are intensity values range from 0 to
255, this is because the values are recorded as an 8 bit integer, meaning that they
are stored as whole numbers with a maximum value of 255. Because exposure
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times may need to be greater than this, it is necessary to increase this range by
converting the array to a 16 bit integer array. This will allow a whole number
value of up to 65535, meaning that the maximum value for pixel exposure time
would be 65.535 seconds, allowing a much greater range of exposure times.
The maximum exposure time for every print needs to be experimentally
determined for each structure printed, based on the maximum density desired.
The next step is to convert the array to an exposure time in milliseconds with a
set value as the maximum, the maximum value being denoted as the alpha
value. This can be accomplished by a conversion of the 16 bit integer array
described in the previous step by subjecting each element of the array to the
following equation:

output = input ∗

α
65535

(4.1)

with α being the maximum exposure time desired (the black value), the input
being the input value from the 16 bit array, and the output being the value in
milliseconds that will be output for printing. Once this array has been created, it
is then converted to a comma separated table, or CSV, to be read by the
electroprinter’s control program, discussed in the next section. A diagram of this
process, as well as the MATLAB commands used to generate each step can be
found in Figure 4.4.

4.3.4

Control Program

After the form of the input image was determined, the next step was to develop
the software to control the three-axis stage. This is done using a C# script written
in the console program provided by the stage manufacturer, Zaber console. This
section will focus on the processes taking place in the print and not the code level
implementation. The complete program can be found in appendix B.
The first step in the process is to select the CSV file created in section 4.3.3, and
input the file location into the program at the correct line. The next step is to set
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Figure 4.5: Flow cart outlining the electroprinting process.

92

the initial position of the XY stage, this is done on each individual axis manually
by turning the physical jog dial on the relevant stage. Once the XY position is set,
the next step is to set the Z-stage to the correct height above the stage to allow for
electroprinting, this is determined experimentally. These positions must be set
before the script is begun as it will then read in the values of these positions as a
starting location.
Once the script has been started, it will read in the initial locations as the
starting point for rastering. The first data that needs to be input is the desired
dimensions of the image. The software iterates through the rows and columns of
the input CSV and holds for a time given at each individual CSV value.
However, the step size of each XY movement is determined by the desired
image size. This is known as the print density, not to be confused with the
alginate density obtained by varying the exposure time. The print density will
be optimized in a subsequent section and kept constant for all prints unless
otherwise stated.
The next step in the process is to determine the stage tilt. Because this
technique is sensitive to variations in height, it important to account for the
changes in height due to the base plate of the printer not being precisely level.
To do this the Z-axis is brought to the base plate slowly at the origin point
visually using the jog dial on the Z-axis stage, this position is recorded into
memory. The X-axis is then moved to an extreme location using the jog dial on
the X-axis, the Z-axis is again brought to origin and the location recorded into
memory. The stage is then returned to the initial home position. From this data,
the angle of slope is determined, and the Z-offset will be calculated using this
angle at every X movement to compensate. This process is repeated for the
Y-axis. At the end of the bed leveling process, a rest position for the Z axis is also
recorded. This is the position the Z-axis will return to when at the end of a row
has been reached, and a Y movement is performed and the X-axis is returned to
origin. This prevents the tip from impacting on part of the printed structure
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during a movement. After this position has been determined the power supply
is manually enabled and the software enters the printing loop.
In the printing loop, the software references the CSV file and rasters from the
starting X position, hold for a number of milliseconds represented as a element
in the CSV file, and then increment the X stage at a value determined by the
print density until a new line charter is encountered, indicating the end of a row.
It will then return the X axis to the origin and increment the Y axis by a value
determined by the print density.

This process will loop until the software

encounters the end of file, whereby the loop will terminate, and the print will
stop. This process is outlined in the flow chart in Figure 4.5.
After the printers component selection, hardware layout, assembly and
software implementation were complete, the next step is to optimize the
printing parameters and finally to produce desired structures.

4.4

Optimization of Experimental Parameters

The physical layout of the hardware and the way the software is implemented to
control the hardware were set in the previous section. These serve as some
constraint to the many possible parameters in printing; however, there are
several additional parameters that need to be optimized experimentally. Not all
of the printing parameters are fixed.
customize a print.

Some can vary in order to further

This section will cover the optimization of both the

parameters that will remain fixed, such as the tip-sample separation, and those
that can be altered to vary the composition of the printed structure. The first part
will cover the optimization of parameters which will be fixed during the normal
printing process, followed by properties that can be modulated in order to
provide varying cross link density.
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Figure 4.6: a. Electrostatic model of the electric field versus the tip-sample
separation. b. Actual current readout of 30 V potential difference versus tip
separation.
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Figure 4.7: Current feedback versus distance between the tip of the syringe and
copper substrate.

4.4.1

Tip-Substrate Distance

In chapter 2, the surface of the electrode was subjected to a specified potential
difference. Due to the potential being applied to the entire surface, the potential
difference is assumed to be constant over the whole surface. However, in this
process the potential is isolated to a spot on the surface of the copper by the
isolating tip. This spot size will vary based on the distance between the tip
aperture and the copper base plate.

Not only will the spot size vary with

distance, but also the current density within this spot, varying with distance.
This means that with increasing distance, the spot size will increase, as will the
current and potential in this given spot. At too far of a distance there will not be
a high enough potential difference to perform the cross linking. Figure 4.6a
shows an electrostatic model of the potential difference between the tip and the
base using a 30 V potential difference (the maximum output of the power
supply); the key feature being the distribution of potential around the tip, which
extends in a conical formation from the tip to the surface. Extrapolating where
the boundary of the cone would impact the surface gives an estimation of the
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diameter of the of the spot size at 30 V, shown in Figure 4.6b. It must also be
noted that potential exists as a gradient based on the distance between the
positive and negative/neutral terminal; therefore, not all points within this
diameter have sufficient potential to oxidize copper, making the effective spot
size smaller than that determined.

The actual spot size will have to be

determined experimentally. From Figure 4.6a and Figure 4.6b, it is shown that
the smallest spot size, and thus the maximum resolution of the print, is found at
the closet distance.

However, this is inhibited by two factors, the

electrochemistry and the physical formation of the gel.
The first limiting factor is the electrochemistry occurring at the tip.

As

discussed in section 6.2.4, as a potential is applied in an electrochemical cell,
redox begins to take place. This redox is measured by the current output of the
process. However, as the redox-active analyte is consumed current begins to
drop off, and is eventually limited by the diffusion of new redox active material
to the interaction zone of the electrode. In this process, current is limited by
diffusion of fresh alginate into the interaction zone between the tip and the
sample. This diffusion is controlled also by the distance between the tip and the
sample. The further the distance between, the more room becomes available for
alginate to diffuse inward. Therefore the height must be optimized to where rate
of cross linking is equal to the rate of diffusion of new species.

This is

determined experimentally by monitoring the current output of the process
versus the distance between the tip and sample after a period of several seconds.
The experimental result based on the current output is shown in Figure 4.7, and
has been found to be approximately 4 mm; this method is limited as the current
output of the power supply used can only measure in milliamps.

This

separation distance will be used for all subsequent experiments unless otherwise
noted.
The second limiting factor, though easier to account for, is the buildup of
material between the tip and the copper. If a long time exposure is performed it
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Figure 4.8: Dot size versus exposure time at various potentials.
is possible to deposit material fully between the tip and the copper. This results
in the printed structure sheering off during a XY movement, or in clogging the
head, disrupting the conduction path which results in an inconsistent print.

4.4.2

Print Spacing Density

In the previous section, the dot size versus the separation distance was
investigated through a theoretical model. However, this assumes infinite time of
applied potential, allowing the reaction to go fully to completion, not
considering the actual time applied. In chapter 2, it was shown that there is a
relationship between the time a potential difference is applied and the height of
the polymer struture. In electroprinting this effect has an effect on the spot size,
which in turn will have an effect on the print density (the amount of cross linked
material per unit area). Moreover, the smallest print size obtainable will also
relate to the minimum print resolution that can be achieved. Therefore the actual
spot diameter is a critical parameter that must be determined experimentally.
Exposure time (the time held at each individual pixel of the structure) is not the
only parameter that must be considered when it comes to spot diameter though,
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as this is also affected by the potential applied. To measure this, single pixel
spots were produced with adequate distance as to not overlap at different
exposure times and then at different potentials. Figure 4.8 plots the average
diameters of the spots as determined via optical microscopy at a tip-copper
separation of 4mm.
The first thing that should be determined is an adequate step size (XY
movement) to ensure overlap between the spots, this ensures structural integrity
by producing a complete structure with no gaps in between pixels. The smallest
diameter pixel observed was approximately 0.12 mm; therefore, to ensure
overlap print density was set to be below this for all subsequent prints unless
otherwise noted at 0.10 mm per pixel. This data relates specifically to one tip
size, with smaller apertures allowing development into smaller domains.
Meaning that each step in the XY plane will be 0.10 mm.

4.4.3

Potential Selection

In chapter 2 it was found that the growth of electrochemically cross linked
alginate (electrogel) can be altered either by changing the growth time (time in
which the potential is applied), or by changing the potential difference. It was
also established that altering the time of growth was the more controllable
parameter. In electroprinting, unlike in the bulk electrogel formation, potential
is not distributed evenly across the surface, as can be seen in section 4.4.2, Figure
4.6a. In order to compensate for this effect, the potential applied has to be much
higher. As can be seen in Figure 4.8, an increase in the growth potential has an
effect on the dot exposure, and thus the printed structure.

The higher the

potential, the faster the growth rate as observed in section 2.5.1. However, at 10
V potential difference, there was no observed formation before 6 seconds. Also
unlike bulk electrogels, time becomes a critical factor; for every increase in
exposure time there is a linear increase in total print time. For example, in a 200
by 200 pixel structure (at the specified print density, which produces a structure
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Figure 4.9: Hydration parameters of patterned circles at various exposure times.
20mm by 20mm), at 300 ms pixel exposure it will take 3 hours and 33 minutes to
complete. Therefore, to make most efficient use of time, 30 V was chosen for
further experiments.

4.5

Effect of Exposure Time on Hydration Properties

The previous section focused on parameters that, once optimized, will be kept
constant for all subsequent experiments. This section will demonstrate the effect
of the alteration of exposure time on the physical properties of the printed
structures.
On the macro scale, it is established in previous chapters that altering the time
that the potential is applied to the copper substrate alters both the density and the
thickness of the cross linked electrogel (measured as the distance from the copper
electrode). These are two factors that effect the overall function of the printed
structures, and can be tuned for a specific application. Figure 4.9 shows how the
density of a structure will vary with the exposure time of each individual pixel,
as well as the height as a function of pixel exposure time.
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Figure 4.10: First generation structures at 30 V, with varying exposure times to
provide contrast.
The density has a marked increase after a per pixel exposure time of 200 ms;
however, it shows a leveling trend after 400 ms, showing no statistical difference
between 400 and 500 ms. This trend is expected to increase at longer time scales
as is seen in Figure 2.16a in chapter 2, page 55. However, in this process the length
of time is allowed for the process to become diffusion limited, thereby promoting
an increase in density over an increase in height growth. In the bulk process,
time does not become a major factor; however, in this process even as sub-second
exposure times result in long print times, as discussed in the previous section.
Therefore, the investigation was restricted to times likely to be used in real prints.
The height of the structure has a linear increasing function with respect to
pixel exposure time, until a maximum is reached at 400 ms, showing no statistical
difference between 400 and 500 ms. This is expected to stay leveled off as seen in
chapter 2, with any further growth resulting in an increase in density in lieu of
increased height.
Tuning these parameters have results beyond the appearance of the structures
and it also has an effect on the mechanical properties observed in them. The
next section will examine how these properties exhibit themselves visually in a
produced structure.

4.6

First Generation Structures

To apply this new printing technique, test patterns were made using the
parameters established in previous sections. Figure 4.10 shows, on the left, a
101

simple square pattern, with an exposure time of 200 ms, showing how this
process can be used to pattern. The right shows a more complex example, using
the university logo, and by varying time held at each pixel the contrast can be
developed. This was done at an alpha value of 500. The density variation is
exhibited by the color coming from the dye in the alginate solution.

After

printing, structures are soaked in water for 24 hours prior to imaging. The more
dense the structure, the more it will retain the dye after soaking and thus
provide a contrast relative to its intensity.

4.7

SEM of Gradient structure

One way to acquire gradient information about the printed structures is via low
vac EDS-SEM, a method of mapping elements within a structure. One of the draw
backs in attempting to image electroprinted samples for copper is the need for
parts per thousand concentrations in order to be visible though this method. An
alternative is to image the sodium concentration. In a printed alginate structure
the cross linking takes place by replacing sodium ions with copper ion; therefore,
the cross link gradient is proportional to the inverse of sodium concentration.
Figure 4.11 shows the gradient of sodium ions across the box as a function of
counts per micron to give a relative measure of cross linking. However, because
the minimum magnification on the SEM is still much larger than the structure,
the gradient shown is subtle. Optical imaging further confirms the presence of
the gradient as seen in Figure 4.10. Figure 4.12 shows an SEM of a section of a
printed gradient electrogel that ranges from 500 ms exposure at its maximum to 0
ms exposure at its minimum over a 5 mm distance. The cross link density can be
seen as two distinct features, one is outward from the copper tape, with an outer
layer caused by loosely cross linked alginate. The inner caused by the selective
cross link process. The distinctive feature being the contraction of this inner layer
as a function of distance from the top of the image.
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Figure 4.11: Counts of sodium signal from low vac EDS-SEM showing a gradient
formation from more cross linked to less from left to right within the box. Sodium
ions indicate the inverse of cross linking. Sodium is mapped due to the low
sensitivity of EDS-SEM to copper.
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Figure 4.12: Low vac SEM of produced copper gradients printed from 500ms
exposure to 0 over a 5 mm distance, small cross-section of the gel.

4.8

Modulating

Passive

Release

with

Variable

Density Print
Previous sections discussed passive release as an additional function inherent to
alginate. There are release applications where it is desirable to have completely
passive release, eliminating the need for a battery. As discussed in previous
sections, diffusion plays an important role in any delivery application. Diffusion
is a function of viscosity, or density. This can be harnessed to affect the release
profile of a device, by varying the density throughout the structure using the
electro printing method. With a pattern of density such as that shown in Figure
4.13a, it is possible to integrate two different release profiles in the same
structure. The first a rapid release from a weakly cross linked area and the
second, more gradually, from an area more densely cross linked. This is ideal for
an application such as a sleeping pill, where a rapid burst is needed to initiate
sleep and a longer term lower dose is needed to maintain sleep. Figure 4.13b
shows the release curve of flourscein from a gradient structure, with the rapid
onset release and a gradual fall off with a slower rate becoming controlling and
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Figure 4.13: a. Pattern used for printing variable density structures for passive
release. b.Release of flourescein from variable density structure with 0.5 mm line
widths.
finally an equilibrium with solution once the release has completed.

4.9

Conclusion

This section has focused on the creation of a first generation gradient structure
and shown a potential application. Moreover, it has setup the ground work for
future experiments by optimizing parameters needed to print. It has also shown
the resulting hydration properties of the produced structures.

In summary,

constant parameters were determined: a tip-substrate separation distance of 4
mm was needed, and a minimum step size of 100 microns per pixel were ideal;
and the longer that each pixel was exposed, the more dense the produced pixel.
One possible application of this was shown as a variable release structure
designed to be a pill to afford an initial burst release followed by a slower long
release.

105

106

Chapter 5
Conclusions and Future Work
5.1

Conclusion

Alginate has been shown to have a wide array of properties that make it ideal
for biological applications. However, its inert nature leads to applications where
it serves as a passive element limiting its potential. This work has shown that
activity can be imparted to alginate by the addition of an electrochemically active
cross linker, enabling the polymer to be de-cross linked upon application of a
reducing potential. These gels are known as electrogels. An added benefit to
this cross linking process is the ability to fine tune the mechanical and hydration
properties of the gel by altering the cross linking conditions in a predictable and
repeatable manner. Further, the large equilibrium push of the process results in
a far stronger material than previously achieved with traditional wet spinning
methods.
The ability to de-cross link the alginate with the application of a reducing
potential opens it up to an entirely new field of development. This work has
shown that this function can be harnessed to produce a fluidic delivery device,
having both passive and active release. This technology has clear implications for
treatment of several disorders such as epilepsy.
Another challenge limiting deployment of alginate is the ability to effectively
fabricate structures with the material. The cross linking process developed early
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Figure 5.1: Low vac SEM of electrogel grown for 1 hour at 2.5 V with the addition
of 0.2% 1-Butyl-3-methylimidazolium tetrafluoroborate in 2% alginate.
on in this work was further adapted into a new printing process known as
electroprinting. Electroprinting has been shown to be capable of fabricating
structures at varying densities. These structures have been shown to have the
ability to vary fluidic release rate within the same structure and this technology
can enable the production of pills with a custom release profile.
This work has outlined the fundamental principles and application work of
electrogels, paving the way for a wide variety of novel implementations.

5.2
5.2.1

Preliminary Results
Addition of Ionic Liquids

One of the problems encountered in chapter 2 was the addition of electrolyte
to the solution caused unwanted side reactions to occur. ionic liquids provide
one solution to this. Compared to small salts, ionic liquids are relatively large,
making interaction with the alginate sterically unfavorable. Figure 5.1 shows the
resulting SEM image of the produced structure. The cross linking shows much
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more distinct striations than that of a those described in chapter 2. Because of the
higher conductivity of the solution the oxidation of copper becomes much more
uniform, creating more distinct layers. The physical properties that this exhibits
are an area of investigation, as this more uniform layering may increase tensile
strength.

5.3

Future Work

5.3.1

Actuation - Development in a Synthetic Muscle

The application of this technology can be focused to provide a soft robotic
actuation.

Throughout the chapters, the de cross linking process has been

addressed several times. Though this was not specifically addressed, when the
de-cross linking occurs, a change in density also occurs due to the de-cross
linking. The mass of alginate is conserved in this process, and because density is
a measure of the mass per unit volume and the mass is staying the same (minus
the copper that is plated), the volume must change. This expanding effect can be
harnessed to illicit actuation, providing a hydrogel based actuator that would
mimic a soft muscle movement.

The first step towards development of an

actuator based on this technology would be to increase the rate of the reaction.
This can be done in two different ways. The first is to create an electrogel with
more copper per unit area and thus more copper readily reducible by de cross
linking.

The second is to increase the reaction rate by incorporating an

electrolyte that will not interfere with the cross linking, such as an ionic liquid.

5.3.2

Other Electroactive cross linkers

Though some preliminary experiments were done using other metals (gold,
platinum and iron), their effects were not addressed. Gold and platinum are
expensive materials, making their use in this work difficult because of the large
number of qualifying experiments needed. Their incorporation into the gel was
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also an assumption based only on the color, with gold cross linked gels being
pink and platinum blue.

However, further work in this area can now be

undertaken; now that the basic theory has been established, possibly unlocking
previously unknown properties. Iron, in the form of steel, was also excluded
from the initial study due to the formation of oxides which became incorporated
into the gels. This metal alloy may find heavy use with this technique by using
the gel coating as a method of growing a lubricating layer on the surface. The
expansion of this field of materials will come through the investigation of the
unique properties that each metal can provide, thus unlocking new possibilities.
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Part III
Theory, Techniques, and
Experimental
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Chapter 6

Theory and Techniques

In order to understand the context and data presented in future results chapters
without reference to external material, it is important to cover the terminology
and theory of the methods used. This section provides background theory in
order to interpret the data presented and to understand the context for which
selections were made in choosing hardware and experimental characterizations.
In writing this section, there is the assumption of no prior knowledge of the topics
covered within this thesis and subsequently some sections go in great theoretical
detail.

The first section will focus on understanding terms associated with the
hardware developed in later sections. The next section will provide a deep
grounding on electrochemical theory and terminology because of the heavy
reliance on the understanding of electrochemistry several chapters will assume.
Finally, the theory and operation of several other characterization techniques
used will be briefly covered to the extent required to understand the data, the
experimental configuration and the limitations of such methods.
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6.1
6.1.1

Theory
Hardware for Patterning

The application of a new material is generally limited by the ability to effectively
fabricate the material into a structure that is useful. There are several ways this
can be accomplished such as casting [22, 211–217], wet spinning [218–229], ink
jetting [230–240] or extrusion printing[241–252]. Many techniques are based on
positioning systems comprised of several stages in order to produce a pattern,
these positioning systems (or stages) are critical to the overall quality of a print
and the key parameters used to define a stages performance will be addressed in
the next section.

Also, because methods developed in this thesis employ

electrochemistry, patterning techniques will also require the application of an
electrochemical potential and the key parameters in selecting a voltage supply
will also be addressed. This section will cover the hardware considerations that
will give a basis for correct hardware selection.

This will be expanded in

subsequent sections to address these considerations in the selection of the
hardware for patterning using the techniques addressed in this thesis.

6.1.1.1

Stage

The stage selection is often, but not the only, limiting factor in the resolution of a
print as the material itself often contributes to this. Selection of the correct stage
for an application relies on understanding several terms discussed in this
chapter. This allows to understand the limitations and ability of the stages
inherent to their manufacture. Table 6.1 contains a brief description of terms
commonly encountered in the specifications of a stage.
Other than cost these are the most important parameters to consider when
building a new system and their degree of importance varies dependent on
application. The first thing to consider are the dimensions that are needed.
There are two commonly available stages available for precision work, piezo
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Table 6.1: Definitions of commonly used parameters in linear stages.
Name
Travel Range
Velocity (Max)
Acceleration (Max)
Repeatability

Definition

Units

The maximum distance in one axis that the stage is capable of moving

mm (or in)

The maximum speed that the stage capable of traveling in one direction

mm/s (or in/s)

The maximum velocity which the stage can accelerate to the specified velocity

mm/sˆ2

A measure of the ability to return to a specified position

microns

A measure of the ability to go to a specified position, typically of one axis

microns

Pitch

Is a measure of the angular deviation from the axis perpendicular to the axis of travel in the
horizontal plane, because this is an angular measurement, it will increase with distance and
therefore must be calculated using: Error = D ∗ (1 − cos(Φ)) for the direction of travel and
Error = D ∗ sin(Φ) in the Z direction where D is the desired distance of travel and Φ is the
pitch angle

rad or microrad

Yaw

Is a measure of the angular deviation from the axis perpendicular to the axis of travel in the
vertical plane, because this is an angular measurement it will increase with distance and can
therefore be calculated using: Error = D ∗ sin(Φ) for the axis of travel and Error = D ∗ cos(Φ)
for the direction perpendicular to the axis of travel in the horizontal plane

rad or microrad

Accuracy

Flatness
Backlash Error
Encoder Error
Minimum Increment

The maximum deviation from horizontal in the direction of travel

microns

In a motion error produced by tolerances in the mechanics of the system, it is the distance between
when force is first applied and motion is produced

microns or mirorad

The ability of the distance sensing element to accurately describe the position of the stage

microns

The smallest change in position achieveable in the axis of travel

nm

stage and linear stages. Piezo stages have very small minimum increments and
very high accuracy and precision in comparison to linear stages; however, they
are limited in their range of travel to a maximum of a few millimeters. Linear
stages have a very large range of motion but slightly larger minimum
increments and less accuracy and precision. However, if tightly packed, large
structures are desired a combination of the two types, one in the x and the other
in the y direction, can be employed to gain the benefit of long travel distance in
one direction and small step size in the other. Another important factor to
consider is the maximum velocity and acceleration capability of the stage, care
should be taken when selecting a stage that is capable of speeds greater than
that needed by the application.

Software is another important aspect of stage selection. Some stages are not
provided with programs capable of interpreting a drawing directly to a 2D
pattern on the stage. Several stages must be scripted in a language such as C# or
Python which can produce additional complexities in design if intricate final
structures are required.
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6.1.1.2

Power Supply

Because the experiments in this thesis are electrochemically based, a method of
applying potentials to perform the reaction is necessary. Discussed in a later
section, one method of potential application in electrochemical experiments is a
potentiostat, which enables the precise application of a potential and the ability
to measure the current. This functionality is not necessary in many applications.
Potentiostats also have a limited potential range in which they can operate,
usually 10 V and below.

Therefore, for some experiments, especially those

involving printing where precise current measurement is not critical, a DC
power supply is used. The primary consideration in selecting a power supply is
the output voltages.

A potential and current high enough to induce the

electrochemical reaction is required. For the applications intended in this thesis,
the current requirement is low with a high potential difference. Additional
considerations are of a practical nature such as the interface and how the supply
can be controlled. For some applications, regulation of power output needs to be
programmed versus time to allow for ease of use. This is especially important in
long operation times where the setup will be left unoccupied.
The next section will provide a theoretical backing and terms associated with
electronics and electrochemistry.

This theory is the underpinning to the

developments presented in this work.

6.1.2

Electronics and Electrochemistry

The results chapters depend heavily on the understanding of basic
electrochemical and electronic terms, there are occasions in which these terms
are used in a variety of ways, for clarity this section will cover the basic terms
and their definitions in the way that is needed for interpretation of data.
Moreover, because this new technique is derived, described and reliant on
electrochemistry, this section is important to ensure understanding of the
concepts discussed.
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Electrochemistry is the study of chemical reactions in which an electron is
either gained or lost. A reaction in which an electron is gained is called reduction,
so named because the addition of an electron (which is negatively charged) to
the total oxidation state it will reduce the oxidation number. Oxidation is the
opposite of this, where an electron is lost. This section will start with a brief
refresher on basic electronics definitions and how they apply to electrochemistry
and later more detail on their application to chemistry.

6.1.2.1

Basic Definitions of Electronics

This section provides a brief review of the terms that electrochemistry shares with
physics, with emphasis on their relevance to chemistry.
Voltage (V), or potential , is the capacity for work to be done per unit charge.
It is important to understand that what you are measuring is the difference, as in
reality we don’t know how much potential energy is possible. An actual zero
voltage, in the sense that we are referring to it, would be an electron held at an
infinite distance away from the electrical field. Experimentally, this would be
impossible to obtain Voltage and must be put in reference to an arbitrary
standard. In electronics voltage is quoted relative to ground (the potential of the
earth point). In electochemical literature use a reference electrode is employed.
Reference electrodes will be discussed in depth in a later chapter.
Current (measured in amperes, A) is the rate of flow of charge though a
system, how fast electrons move though a wire, or how fast charge can transfer
though an electrolyte solution. One ampere (or just amp) is the flow of one
coulomb of charge per second flowing though a specific point.
Electrical resistance, (measured in Ohms, Ω), is defined as the resistance to
the flow of current. Taking the inverse of resistance produces conductance or
admittance (measured in Siemens):

(1/( Resistance)) = (Conductance)
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(6.1)

As a matter of practice, Siemens is capitalized when written in English as it is
derived from a proper noun (from Ernst Werner von Siemens) and has an
abbreviation with an uppercase ”S”as to distinguish it from the abbreviation for
seconds. It is important to remember that neither Resistance nor Conductance is
an intrinsic property of a material, it is dependent on the size and shape of the
material used.
Often resistance and resistivity (as well as conductance and conductivity) are
used interchangeably; however, this is incorrect. Resistivity (and conductivity)is
an intrinsic property of a material, independent of its shape and size. resistivity
is measured in ohms per meter , abbreviated Ω M, and conductivity in Siemens
per meter, abbreviated (S/m) (though most people will still put Siemens per
centimeter, this is not the SI unit). The equation for resistivity (ρ) is:

ρ = R(l/A)

(6.2)

Where R is the resistance (in ohms), l is length (in meters), and A is area (in
mm2 ). Conductivity is the inverse of the Resistivity.

Capacitance Capacitance (with the SI unit of Farads(F), though generally
measured in micro- or milli- Farads) is the ability for a certain material to hold
charge in the form of an electrical field. If two parallel plates are charged, one
side will accumulate positive charge and the other side a negative charge.
Charge gets stored in between the two plates in the electric field created.
Releasing the energy, for instance by closing a switch in an open circuit, that
accumulated charge will discharge into the system. How well those plates hold
charge is their capacitance, it depends on what they are made of, the area of each
plate, the distance between the plates, and what is in between them (called a
dielectric). The equation representing capacitance (modeled on a parallel plate
capacitor) is:
C = (ε 0 ) ∗ (ε r ) ∗ ( A/d)
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(6.3)

Where A is the area of the plate in (mm2 ) (in this case, as in most, assumed to be
a circle; if it were a square then there would be edge effects on a small electrode
which would effect the result) , d is the distance (in mm) separating the plates, ε r
is the relative permittivity of the material (also known as its dielectric constant; it
is a property of the material, in chemical terms it would be the polarity of solution
and it is an expression of the ability to polarize a substance) with the units (F/m),
and (ε 0 ) is the electric constant (8.854 × 10− 12 (F/m)).

6.1.2.2

Electrochemical Cell

In biology, at its essence a cell is an isolated compartment where chemical
reactions take place.

Similarly, electrochemical reactions are housed in a

confined space called an electrochemical cell. This section contains definitions of
the types of electrochemical cells that exist, their components, and some
ancillary terms that are used to describe reactions.

Cell Design An electrochemical cell will consist of 2 or 3 electrodes
(depending on the setup), a supporting electrolyte, and, normally, an analyte. In
a two electrode system, there is a working and a counter (or auxiliary) electrode.
The working electrode is typically defined as the electrode being monitored. The
counter is the electrode at the other side of the circuit. To make a connection
between the working and counter electrode without shorting them, typically an
electrolyte solution is employed. An electrolyte is a solution with high ionic
strength which provides high ionic conductivity, creating electrical connection
between the working and the counter electrode but does not short them. For
analytical applications the electrolyte also contains the analyte (or substance)
under investigation. In the case of a 3 electrode system, a reference electrode is
used to define the zero between a working and counter electrode. Later sections
will cover these components in greater detail.
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Types of Electrochemical Cells

Oxidation/Reduction reactions (Redox

reactions) take place in one of two ways, either by spontaneous reaction or by a
non-spontaneous reaction. A spontaneous reaction is one that occurs without
any additional energy input. A non-spontaneous reaction is one that requires
additional energy input to occur. Spontaneous reactions are called galvanic (or
voltaic) and non-spontaneous reactions are called electrolytic. These are the two
types of electrochemical cells.

The Anode and The Cathode

It is a general misconception that the cathode

is always positive and the anode is negative, this is dependent on whether the
system is galvanic or electrolytic. By definition the anode is where oxidation takes
place, and the cathode is where reduction takes place and electrons will flow from
the anode to the cathode. In an electrolytic system, the anode is positive and the
cathode is negative. In galvanic the cathode is positive and the anode is negative.
In electrochemistry, cathodic current is the flow of electrons from the interface
to the solution, and anodic current is the flow of electrons from solution to the
interface electrode.

6.1.2.3

The Electrochemical Setup

For simplicity, in the following section the components of the system will be
described in terms of an electrolytic cell unless otherwise stated.

Galvanostatic vs Potentiostatic Experiments

Electrolytic experiments fall

within two subsets, galvanostatically controlled or potentiostatically controlled.
In a potentiostatic experiment, a voltage is applied and the resulting current is
measured.

It is performed by an instrument called a potentiostat.

In a

galvanostatic experiment, potential is still applied; however, you are using it to
control current.

That is, the galvanostat (the instrument used in current

controlled experiments) is applying the necessary voltage to maintain a specific
current. The output is the voltage required to maintain the specified current.
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The Working Electrode The working electrode is the electrode where sensing is
taking place. When we quote a peak potential, discussed later, it is the potential
of the working electrode (versus some reference in a three electrode system, or the
potential difference between the working and counter electrode in a two electrode
system). Due to the working electrode being used used to probe a system there
are several characteristics that are desirable in a working electrode:
• Chemically inert material- Typically we want the electrode to probe
something in the cell;
electrochemically active.

therefore,

the electrode should not be

No working electrode is inert throughout an

infinite voltage range, at a certain point the material making up the
electrode will itself be oxidized or reduced, or it will begin to catalyze a
redox reaction with the solvent in the cell before reaching the redox
potential of what is being probed. Because of this, it is necessary to pick an
appropriate material that will be inert across the potential range that will
be used in the experiment.
• Conductive- If a working electrode is too resistive, then the amount of
voltage necessary to apply versus the counter (or reference) could be
enough to also cause heating of the electrode. If this occurs it will cause a
change in the convection to the electrode surface and artificially increase
reaction rates as temperature is no longer a constant. When performing a
current controlled experiment, if the working electrode has poor
conductivity, a larger voltage will need to be applied to maintain a current.
• Smooth/Well Defined Surface- Due to the way electric fields are distributed
around a conductor, if divots or points form on the working surface then
point effects (the accumulation of charge at a point) will begin to occur.
This causes an uneven distribution of charge along the surface. Moreover,
because the current measured is proportional to electroactive surface area,
if the surface is rough this will increase its surface area. This is important
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because to make measurements comparable from two different electrodes
their electroactive surface area needs to be kept constant.
• Instantaneous Electron Transfer Kinetics- With almost any metal, electron
transfer occurs instantaneously. However, with most conductive polymers
this is not necessarily the case. Electron transfer will normally have a
defined time limit and this could decrease the maximum meaningful scan
rate (rate at which the voltage can be changed) that it is possible to achieve.
Common materials making up working electrodes are Gold, Silver, Platinum,
Glassy Carbon and Mercury.
The Counter Electrode The counter, or auxiliary electrode, is the electrode
opposite that of the working electrode used to complete the circuit. The counter
electrode typically has the same stability requirements as a working electrode.
The working electrode measures the reaction rate, if the counter electrode
reaches an equilibrium limit before the working, it will limit the reaction being
measured. Therefore, the counter electrode will have a much larger surface area
than that of the working, so as not to become limiting in the reaction.
The Reference Electrode The reference electrode is normally the most complex
concept of a three electrode system to grasp. A reference electrode is an electrode
containing a redox reaction that has had an assigned potential. Take for example
the Standard Hydrogen Electrode (SHE) whose half reaction looks like:
2H + + 2eexp <> H2

(6.4)

where 2 hydrogen cations accept two electrons and are reduced to hydrogen
gas. This reaction is set by convention to be 0 V. Therefore, if on one side of the
reaction we had a SHE, the potentiostat would gradually increase the potential
difference between the reference and the working until current was produced (in
this case we would keep decreasing the voltage of the working electrode,
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keeping the reference at 0). SHE is defined by the IUPAC as 0 Volts; however, it
is rarely used in practice. There are several reasons for this, but it is mainly
experimentally impractical to set up.

For simplicity generally an Ag/AgCl

Electrode or Hg/Hg2 Cl2 (Called SCE or Standard Calomel Electrode) are used
as the experimental setup is simpler. These also have offsets from the SHE
voltage that are generally not accounted for in practice. The Ag/AgCl electrode
consists of a thin wire of silver that is coated in a thick layer of Silver Chloride
which is then suspended in a saturated electrolyte solution consisting of the
same anion (Usually NaCl or KCl) which, because of the common ion effect,
limits diffusion of the AgCl into solution. The thick coating also ensures that the
reference electrode will always maintain equilibrium. Connection is made to the
solution of interest using the electrolyte solution bridged by a semipermeable
frit to ensure the reference electrode is not contaminated by the solution.

6.1.2.4

Instrumentation

Understanding of the instrumentation is important in order to understand the
limitations of the data. Moreover, the devices created in subsequent sections rely
on a potentiostat to function; therefore, it is important to understand these circuits
as any created device would require them in order to operate in the final fully
functional device. Moreover, it is necessary to understand the requirements of
the circuits in order to understand the selection of method used to create devices.

Ohms Law

There is one basic equation whose fundamental understanding is

required for any investigation of electronics, Ohms Law, which states:

V = IR

Where:
• (V) is Voltage in Volts
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(6.5)

Input Voltage

Voltage Output

Counter
Reference
Working

Voltage Proportional to Current

Figure 6.1: This diagram illustrates the circuit diagram of a standard Potentiostat
and has highlighted three separate unique circuits that will be discussed
throughout the chapter: A. Controller Circuit B. Voltage Follower and C. Current
follower.
• (I) is Current in Amps
• (R) is Resistance in Ohms
from this the fundamental equations are derived and used to interpret output
and to understand how electro-analytical devices work.

The Circuits of a Potentiostat Though modern potentiostats are electronically
complex instruments employing thousands of dollars worth of filtering, noise
reduction, stability, and amplification equipment they are based on a relatively
simple design employing three op-amps in specific configurations.

These

configurations are unique enough that the circuits are given their own
designations as illustrated in Figure 6.1. They are a controller Circuit, a voltage
following circuit, and a current following circuit. Understanding these circuits
are not necessary for the use of a potentiostat, it is used as an example of how
the circuits are employed.

However, to manufacture a device utilizing
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electochemistry, these circuits would have to be employed in full operation. It is
important to understand the circuits in order to understand the choice of
electrochemical method in a final device in terms of its complexity.

The Controller Circuit

The controller circuit (in Figure 6.1)) maintains the

correct voltage relative to the reference electrode. Moreover, it is responsible for
outputting the signal to be read by the instrumentation as the voltage that is
being applied at any given time. It does this by constantly subtracting the
voltage felt by the reference electrode minus the voltage set to be applied by the
potentiostat.

A voltage follower, illustrated in Figure 6.1, is a circuit

The Voltage Follower

that is designed to isolate the reference electrode from any external load placed
on it by the electronics. Acting as a barrier to voltage leaching to the reference
electrode. Moreover, it keeps the current signal noise free by protecting it from
external influences. In this circuit there is no manipulation of the potential is
performed, the input voltage is the same as the output voltage. It does this by
feeding back the output to one of the inputs, the other input is that from the
reference electrode.

This circuit works mathematically by the following

description:
Voutput = (Vinput − Voutput) ∗ G

(6.6)

Putting equal to Vi nput
Vinput = Voutput ∗ (1 + (1/G ))

(6.7)

Remembering that op-amps should have near infinite gain (G)

lim Voutput ∗ (1 + (1/G ))

G →∞
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(6.8)

Rs

Summing point (input to op-amp)

io

iworking

io

Vo

Figure 6.2: Close up of Current Follower circuit showing the flow of current
though the device. Input current is labeled iin , feedback current i f , the resistor,
which relates to the sensitivity of the measurement, R f and the output voltage
Vout .
Which goes to
Voutput = Vinput

(6.9)

The Current Follower A current follower, or trans impedance amplifier, is a
circuit used to measure the magnitude of current.

Electronics measure the

voltage, not the current itself, this is a fundamental principal of their operation.
To do this, we use a current follower to convert the current of the working
electrode to a voltage. Illustrated in Figure 6.1 in the overall circuit, showing the
output voltage proportional to the current from the working electrode. In Figure
6.2 a zoomed in example labeling all the parts. Please note the square which
highlights the summing point. This point is the input to the op amp. The
summing point using kirkoffs rule (KCL) is denoted as S. KCL states that the
sum of all input currents entering this summing point will be Zero. Therefore,

i f = −iin

(6.10)

V = iR

(6.11)

i = (∆V/R)

(6.12)

Ohms law:

Re-arranging to:
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In this case it is ∆ V because a potential difference is being measured it would
be equal to:
∆V = Vin − Vout

(6.13)

Applying our rearranged ohms law in eq. 6.12

(Vin − Vout )/( Rs ) = −iin

(6.14)

The input voltage be at the summing point:

Vout = −Vin ∗ G

(6.15)

Meaning at this point, the voltage is equal to negative the input times the gain.
Combining these principals:

iin

Vout +
=
Rs

Vout
G

(6.16)

Rearranging to:

− iin ∗ Rs = Vout ∗ (1 +

1
)
G

(6.17)

An op-amp is assumed to have infinite gain, so G will go to infinity, this makes
1/G so small it is assumed to be zero:

lim Vout ∗ (1 +

G →∞

1
)
G

(6.18)

Giving the final equation:

Vout = −iin ∗ Rs

(6.19)

Meaning the output voltage of the op-amp is proportional to the input current
times a resistor Rs . This is what is actually measured by a potentiostat. The
resistor Rs in a real experiment would pertain to the sensitivity setting. This is
normally a variable resistor that is changed based on how much output current
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will be measured.
This circuit is of particular importance, because it outlines the difficulty in
terms of electronics due to the increased number of components. Also, due to
the increase component count and wiring there can be an increase of power
consumption.

6.2
6.2.1

Electrochemical Techniques
Open Circuit Potential - OCP

Measuring the potential difference of an electrochemical cell is the most basic of
any electrochemical technique. Moreover, it is one of the most widely used
electrochemical techniques.

Anytime the voltage of a battery is tested it is

measuring the open circuit potential.

Moreover, it can be used to provide

quantitative information in sensor applications. To provide this, in OCP, an
important equation, known as the Nernst equation, can be used.

6.2.1.1

Nernst Equation

The Nernst equation is an important equation, it can be used to determine the
equilibrium constant of a reaction, and, more often, is used to determine the cell
potential at non standard condition.
First to remember that:

E0 = ER eduction0 − EO xidation0

(6.20)

Meaning that the cell potential is equal to the potential difference between two
redox states. It is also important to remember that redox events are still chemical
reactions. Therefore, they have thermodynamic attributes. One being the Gibbs
free energy, or ∆G, which is a value that combines both enthalpic and entropic
terms from thermodynamics and is a measure of the usable work that is
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obtainable from a reaction, or, rather, the work that can actually be measured.
From thermodynamics at standard conditions (STP), ∆G0 is defined by the
equation:

∆G0 = −nFE0

(6.21)

and at non standard conditions, we use ∆G, which is defined as:

∆G = −nFE

(6.22)

The relation between the two, from standard to non standard state of ∆G from
thermodynamics is:

∆ = ∆G0 + RTln( Q)

(6.23)

Where R is the gas constant, T is temperature and Q the reaction quotient.
By substituting the relations from equations 6.21 and 6.22 into equation 6.23 we
obtain:

− nFE = −nFE0 + RTln( Q)

(6.24)

Divide by −nF to cancel out and obtain:

E = E0 −

RT
ln( Q)
nF

(6.25)

Once equilibrium has been reached, ∆G is equal to zero; making E also equal
to zero and Q equal to the equilibrium constant Keq , therefore:

0 = E0 −

RT
ln(Keq )
nF

(6.26)

Where E p is the measured cell potential in the open circuit potential
experiment.
Therefore, all factors can be solved at zero applied potential difference, and
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Figure 6.3: An overview of the output from an amperometric i-t curve. Before a
potential is applied, all of the species in the interaction volume (represented as
a semi-circle above) are of a particular state, either oxidized or reduced. Once
a potential is applied, current starts being produced as a result of the redox
reaction at the electrode surface resulting in an increase in current. At a certain
point, all of the species within the interaction volume will undergo redox and the
current will level off. However, because passive diffusion still occurs it is capable
of replenishing some of the species in the interaction volume. Because of this,
the current will not drop to zero and instead reach an equilibrium based on the
diffusion.
solved for the equilibrium constant to determine the electrochemical equilibrium.
The next section will cover how this can be used in practice.

6.2.2

Amperometry and Voltammetry

Amperometry is a class of electrochemical experiments which all share the
common theme of applying a voltage and measuring the resulting current. The
most basic experiment is an amperometric vs. time curve (or amperometric i-t
curve). In this experiment a potential is applied to the electrode and the current
is measured versus time, the processes involved are outlined in Figure 6.3. To
fully understand the data produced in an electrochemical experiment it is
important to also have an understanding of the chemical processes occurring at
the electrode surface. One of the primary forces observed in current output of an
amperometric experiment is the effect of diffusion.
130

6.2.3

Diffusion and Fick’s Laws

Diffusion and Fick’s law are important in interpreting any analytical technique.
However, their application within the body of this thesis is not limited to the
electrochemical experiments. The entirety of the drug release device mechanism,
in both passive and active function rely on these controlling laws. This section
will cover diffusion and Fick’s Laws in terms of an electrochemical experiment;
however, their implication is the same for any diffusion controlled release system.

6.2.3.1

Fick’s First Law

To develop an understanding of diffusion and how it will have an effect on the
chemistry at an electrode, it is important to understand the physics underlying
diffusion known as Fick’s laws. The first law written as:

J = −D

δθ
δx

(6.27)

with J being the diffusion flux, or the amount of a substance in a given area
at a given time, θ the concentration and x is the distance. The final term, D is the
diffusion constant, it is used to describe the ability, or impedance, for something
to diffuse. In essence it says that the steeper the concentration gradient, the faster
the change, or flux, will be. This change is proportional to a constant, D, which
is a physical constant of a material itself. If we think of a molecule movement
in terms of frames, going a distance x from from frame one to frame two will
be driven by the change in Gibb’s free energy, the diffusion constant takes this
into account, as well as the temperature and pressure. This change in Gibbs free
energy has several important physical embodiments such as viscosity in solution,
which has an important impact on the scientific body of this thesis.
Fick’s first law describes the diffusion in a static situation where the
concentration is held constant;however, to adequately describe diffusion in a
dynamic situation, such as electrochemical experiments, we need to look at
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Fick’s second law.

6.2.3.2

Fick’s Second Law

When undergoing redox at the surface of an electrode, species are being
converted in redox state.

This change happens at a given rate, and is not

instantaneous. When this change happens, it creates a concentration gradient
between the area around the surface of the electrode and the bulk concentration.
If this change were instantaneous, Fick’s first law would apply. However, this
gradient is changing over time.
Molecules have a Gaussian distribution of energetic states. Meaning they
have an amount of intrinsic energy within them. Due to this, some will react
sooner than others, meaning that there is a time it takes for a molecule to
undergo a reaction even with the same input energy. In terms of diffusion and
electrochemistry, this means that if a sufficient potential to perform a redox is
applied, as time proceeds the concentration gradient will change. The more
molecules that undergo redox, the greater the concentration gradient will
become. Fick’s second law is a double derivative that is used to describe this
process, with the change in flux from Fick’s first law (equation 6.27):
δJ
δ2 θ
δc( x, t)
=
=D 2
δt
δx
δx

(6.28)

This equation illustrates the mathematical representation of the effect
discussed in the previous paragraph, that as the concentration gradient increases
the inward flux will also increase. When this is a single step experiment, the
concentration gradient is only caused by the rate of the reaction and the effect
will eventually lead to an equilibrium described by Fick’s first law. This effect is
illustrated in an amperometric experiment discussed in the next section.
However, this effect is also seen when the input energy (such as potential) is
changed, in experiments such as Cyclic Voltammetry discussed in section 6.2.5,
requiring a solution to Fick’s second law to fully describe the effect.
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In an amperometric experiment, the effects of diffusion are of particular
importance in understanding the interpretation of the output data.

6.2.4

Amperometric i-t Curves

In every electrochemical experiment, the electrode has an interaction volume.
This is the area in which the electrode is capable of performing an oxidation or
reduction. This volume can be affected by altering the electrode surface area,
increasing the potential difference applied at the electrode or changing to an AC
experiment. This interaction volume leads to the distinctive shapes seen in
almost every type of experiment performed.
In the amperometric i-t experiment, a potential is applied to the electrode and
the resulting current measured. In the initial part of the experiment, this current
increases rapidly because of the redox of the species within the interaction
volume coupled with an influx of analyte due to Fick’s second law. At a given
point, however, the current will begin to level off, and in some cases fall off. This
happens because all of the species within this interaction volume have
undergone redox, therefore there is no more reaction to carry out, and thus, no
current to be produced from the reaction. However, because this is a real system,
diffusion is still a factor, described by Fick’s first law. Diffusion will cause
electroactive species to enter and leave the interaction zone around the electrode.
This means that there will still be some species to undergo redox available. This
process is an equilibrium one, because of this, the rate is essentially fixed at a
given temperature. In the i-t curve, this is exhibited as a leveling off of the
current at longer times, keeping the curve from reaching zero in current.
Moreover, this method can serve as a method of detecting electrochemical
reactions that occur at different rates and thus will appear as peaks during
different parts of the experiment.
Though amperometry is useful as a starting point for explaining more
complicated experiments, it too can serve as an analytical method as well.
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Recalling that there is an interaction volume that is essentially fixed with a given
electrode and potential, the one thing in this that can change is the concentration
of electroactive species within that interaction volume. This imparts the ability
to use amperometric i-t curves to detect concentrations of electroactive species.
The higher the concentration, the more current will be produced. Moreover, the
more electroactive species there are, the longer it will take to establish the
equilibrium with diffusion. In the i-t curve this will be exhibited as a shift of the
leveling off along the time axis. This leads to a method of building a calibration
curve with known concentrations of electroactive species, and thus a method of
quantitating them.
To use this method, the primary parameter to be considered is the potential to
be applied. This needs to be above the E value of the species to be interrogated
in order to produce the signal. The correct sensitivity selection is also important,
this must be in the range that there is a distinct signal change in the current output
(relating to the sensitivity of the measurement), but not so high that that it results
in a signal overflow.
However, this method is limited in the ability to give information on the redox
behavior of the electroactive species, such as redox potentials. For this, scanning
voltametric techniques are needed.

6.2.5

Cyclic Voltammetry

Cyclic voltammetry, or CV, is one of the most common electrochemical
experiments used because of its versatile nature.

In this experiment, the

potential is swept from low to high and back again, shown in the left side of
Figure 6.4. The effect of this on an electroactive analyte is that it is possible to
oxidize and reduce it in the same experiment. The output, often called a CV,
reveals

important

qualitative

and

quantitative

electrochemical system.
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Figure 6.4: Left: A typical CV showing A, the potential sweep before reaching
the Eo value, showing a slight slope related to the resistance of the solution, B
the beginning of the rise due to redox occurring, C the peak potential, D the
depletion of the redox capable species in the interaction volume and reaching an
equilibrium with diffusion and, E switching to the opposite direction. Right: A
schematic of the voltage profile applied with time in the CV experiment, with the
parameters listed that are relevant to the experiment.
6.2.5.1

Instrumental Parameters

Experimental parameters can be changed based on what is needed to perform
the experiment, however, a brief introduction to each term is needed to
understand what factors need to be changed to get the optimum output from an
instrument. Each manufacturer may change what each paramater is called, this
section will rely on the CH Instruments terminology that is consistent across all
of their instruments. Each of the major parameters are illustrated on the right
side of Figure 6.4 in terms of what the instrument is applying to the
electrochemical cell.

Initial Voltage The initial voltage, abbreviated ”Init V”, is the starting voltage
of the experiment. This can be changed based on the system being studied. To
observe the state of a solution as it is the experiment would start with an initial
voltage of 0 (assuming the electrode itself is inert and there is no initial current).
If the experiment is started at a higher voltage this would cause a disruption in
the redox state of the solution and it would be unable to be deduced from the CV.
However, if there is just interest in the possible redox states of the solution then
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either the high or low voltage limit can be used as the starting point.

High and Low Voltage The two extremes of voltage should fully encompass the
redox events that would like to be observed. The high is the upper most, or most
positive voltage, and the low the lower most voltage. The voltage window should
be set to adequately encompass both oxidation and reduction of the species, with
enough of an over-potential to ensure complete conversion at the surface of the
electrode.

Scan Polarity The scan polarity determines which direction the sweep will take.
If the initial voltage is the same as either the high or low voltage, then this will
determine the direction of scan; however, if the initial voltage is not, then the
Scan Polarity setting will set to go toward the high (positive) or the low (negative)
voltage.

Scan Rate The scan rate determines how fast the potential will be scanned,
measured in Volts per second or millivolts per second.

Redox events are

chemical reactions, because of this, they have an associated rate with them. If the
scan is too quick then it will not allow time for the reaction to occur before
reversing, and therefore be unable to be detected. However, going too slow can
also cause the risk of artifacts to increase because the scan takes longer. There is
normally a range of scanning voltages that can be used, and the effect of scan
rate on the result is an important attribute to the information gained from doing
a CV. Therefore, it can be done at several rates to obtain extra quantitative
information, discussed in a later section. A good starting point is normally 0.1
volts per second if just qualitative information is needed.

Sweep Segments Sweep segments determines the number of cycles of the
voltage limits that will be performed. If it is selected as just one, it will only do
one sweep with no reverse sweep. Typically at least two are done. However, it
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can be adventitious to perform a multiple of two in order to eliminate artifacts
normally observed in the first couple of sweeps caused by inhomogeneity at the
electrode or adhesion of non-analyte species to the electrode surface. Moreover,
more sweeps can give information on the effects of time or cycling on the redox
being interrogated.

Quiet Time

Quiet time sets an amount of time that the electrode is held at the

initial potential before the data is recorded and the sweep started. This allows for
a complete polarization of the species at the electrode surface. Moreover, it will
also eliminate charging effects that can appear in the instrument when at high
sensitivities.

Sensitivity Recall in section 6.1.2.4 that the current output of an instrument is
regulated by a resistor. This is where the sensitivity setting comes from. It will
set the range of the current axis to be measured. To obtain the most data, the
sensitivity should be set to the highest without causing an overflow event in the
electronics, if too high the output will begin to flat line once the electronics
become saturated. The sensitivity does not have any effect on the electronics (it
will not damage them if not set properly) it will cause the data to not be
properly recorded.

Other Settings

Other settings can include the sample interval which will set at

which potential interval data will be taken.

This is normally kept at the

maximum setting in increasing the data collection; however, setting it lower can
reduce the effect of noise. Other settings can be found in the hardware setup
where the mains frequency can be set (which is important for filtering) and the
axis standards, as the American standard of the voltage scale is generally
inverted.
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6.2.5.2

Beginning of the Experiment

The CV shown in the left hand side of Figure 6.4 shows the different parts to
consider in interpretation of a CV. At early time, far away from the Eo value,
there will be a linear rise in the current-voltage response (labeled in part A in
the Figure), this slope will be an indication of the resistance of the solution, by
solving Ohm’s law for resistance:

R=

V
I

(6.29)

This data can be taken from the CV far away from the E p value. However, to
obtain this accurately take the point half way in between the forward and return
wave. This is because of another effect known as double layer charging.

6.2.5.3

Double Layer Charging

When a metal electrode has a potential applied to it in an ionic solution, the ions
opposing this charge will align along the electrode surface, this is known as
double layer charging. Remembering the example of a capacitor discussed in
section 6.1.2.1 on 118, it is the establishment of an electric field between two
oppositely charged plates. Double layer charging is similar qualitatively to this
effect. In a CV, this effect is responsible for the offset of the solution resistance
from the part A of the graphic in Figure 6.4. Moreover, it can most often be seen
as an exponential increase or decrease in signal during switching, as seen at the
end of part E.
Double layer charging is related to the electrolyte, because of this, the
concentration of the electrolyte becomes important.

Generally, electrolyte

concentration is kept to a minimum in order to reduce this effect. Though it is
not distinct in the Figure, if the concentration of electrolyte is too high, it will
obscure the peak of interest. If high electrolyte concentration is needed, a micro
electrode may be able to reveal the signal because the masking effect of
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capacitance is to the square root to the size of the electrode, whereas the the loss
of the peak signal (or faradaic current)is linear with respect to size of the
working electrode.

6.2.5.4

Redox Detection

Initially, when approaching the E p value of a redox couple, there will be the same
steep rise seen in the amperometric experiment seen in section 6.2.4 on page 133,
and for the same reason. In this example, once the interaction zone is depleted
there is a fall off in current signal. This is because the influx of ions controlled
by Fick’s first law is not fast enough to constantly replace all of the species in the
interaction volume of the electrode, leading to a fall off of signal discussed in the
next section. If a micro electrode is used, where diffusion is more prominent with
respect to the size of this electrode, this drop off is not seen. The final phase of
the experiment is the reversal and repeat of the forward experiment.

6.2.5.5

The Cottrell Equation

The fall off seen at the end of a CV is due to a change in diffusion over time which
is governed by the Cottrell Equation.
The Cottrell equation, equation 6.30, is a solution to Fick’s second law found
by applying the boundary conditions that assume that bulk solution will not be
affected by the experiment happening at the electrode, that before the start of
the experiment the solution is homogeneous and that the concentration will be
affected by the experiment (which is the purpose of this experiment). The full
derivation is not within the scope of this section however the qualitative effect
is that a Laplace transform is performed using the first two boundary conditions
allowing for the evaluation in terms of the third boundary condition, this is then
inverted and the derivative taken to obtain the Cottrell Equation.

√
nFAC0 D
√
i=
πt
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(6.30)

Where, i is the peak current in Amps, n is the number of electrons, A is the
electrode area in mm2 , C0 is the bulk analyte concentration in Molarity, D is the
diffusion constant in mm2 /s and t is the time in seconds. This can also be used
to interpret data in potential step experiments, where there is an instantaneous
change in potential.

6.2.5.6

Data Interpretation

Many things can be determined from the CV, the way they appear on the CV
will, however, differ slightly depending on the size of the electrode. For the
purposes of this work, concentration will be paid to using a macro (Greater than
1 mm) electrode as it is the most relevant.

This section will focus on the

qualitative interpretation of a CV, with the next taking a more quantitative
approach. The CV of a single redox event is often said to appear as a ”duck”
shape. The top peak of the forward sweep of the experiment results in the
current generated during a redox event.

The peak height from baseline is

representative of the current generated, the quantitative interpretation of which
will be discussed later. The location of the peak on the voltage axis is indicative
of the E value of the experiment, which is the energy it takes to illicit redox.
Continuing forward is the leveling off and reversal. In the return wave, the
redox that was performed on the forward sweep is undone. This is represented
on the current axis of an inversion of the peak in the forward wave. The first
insight to be gained is the number of redox events. It is possible to see more than
just one peak, the number of peaks is indicative of the species passing though
different oxidation states. The next observation is whether or not the number of
return peaks are the same as the forward peaks. This indicates if the redox is
reversible or not. It is possible to perform an oxidation, but not be able to reduce
it back to the original oxidation state. Moreover, if there is a difference in the
current peaks between the forward and reverse scans, this can indicate a
difference in rate or reversibility.
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The separation between the forward and reverse reaction is also an
important parameter. Ideally, and for reasons out of the scope of this discussion,
the separation should be approximately 57 mV. This is based on one electron
being transferred during the reaction. However, it is possible to have more than
one electron transfer for a given redox. This changes peak separation, causing
the peaks to be closer as a fraction of 57 mV. That is:

∆E =

57mV
Electrons

(6.31)

This however, is only a qualitative approach to the interpretation, but it does
give an idea and starting point to working out the number of electrons transferred
in the reaction.
To obtain more quantitative data, generally several experiments are
performed, normally varying the scan rate. Some important equations can help
in the quantitative interpretation of CV’s.

6.2.5.7

Randles-Sevcik Equation

The Randles-Sevcik equation describes the relationship between scan rate and
peak current. However, it can also be used to derive quantitative information if
several CV’s are performed at different scan rates. The equation is shown below:
r
i = 0.4463nFAC

nFvD
RT

(6.32)

where n is the number of electrons, F is the Faraday Constant, A is the
electrode surface area in mm2 , C the bulk concentration of analyte in Molarity, R
the gas constant and T the temperature in degrees C. From this, while varying
the scan rate, it is possible to determine the diffusion constant of a redox active
solution. Moreover, using an analyte with a known diffusion constant, it is also
possible to determine the approximate electrode area if testing a new electrode
configuration. This however, is subject to limitations, as the equation does not
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account for anomalies such as edge effects and point effects that appear in some
configurations.
The importance of understanding electrochemical effects and terminology is
fundamental in understanding how electric fields can be utilized to perform
patterning, or in understanding the application of electrochemical techniques to
device fabrication and the drug release mechanism. Understanding these is
fundamental to understanding the effects observed in the subsequent results
chapters, characterization methods other than electrochemistry are also used.
The following section will outline the analytical techniques relied upon to
characterize the devices made with a brief theory and implications of the results,
as well as some of the limitations on such measurements.

6.3

Spectroscopic Techniques

Spectroscopy is the study of the interaction of electromagnetic radiation with
matter.

This interaction can be employed in many ways to help either

understand the chemistry of a system (such as reaction rate) or by determining
quantity of an analyte.

This section will briefly describe the spectroscopic

methods relying on light absorption (UV/Vis) and fluorescence.

6.3.1

Overview

Both methods described in this section rely on the interaction of incident light
with matter that is described by the perturbation of electrons by photons.
Unperturbed, electrons exist in the ground state.

Upon interaction with a

photon, they can be elevated to an excited state. This elevation determines the
type of spectroscopy being performed. The lowest excited state that an electron
can be elevated to (generally) is the rotational state and requires microwave or
far infrared light(IR). The next level is a vibrational state, which requires IR light
and is the basis of IR spectroscopy. The next level, and most pertinent, is the
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Figure 6.5: Jablonski diagram for the transition associated with UV/Vis and
Fluorescence, as well as showing other energy levels. In UV/Vis, an electron
is excited from the ground state to an electronic state, it then relaxes by emitting
heat. In Fluorescence, the electron is excited beyond the electronic state to an
upper vibrational state, it then decays by emission of heat until it reaches the
next electronic state where it then decays to the ground state by emission of a
photon.
transition to an electronic state. This requires visible to UV light and is the basis
for most forms of light microscopy as beyond UV there is enough energy to eject
electrons completely from the nucleus. Once excited, these electrons then relax
down to the ground state via non-radiative decay (heat) or through the emission
of another photon. These transitions are described by the Jablonski diagram
illustrated in the case of UV/Vis spectroscopy and Fluorescence in Figure 6.5.
This highlights the fundamental differences in the two techniques, with UV/Vis
absorbing light and fluorescence resulting in the emission of light.

In the

following sections a longer introduction will be given to the two techniques and
how they are used for analysis.

6.3.2

UV/Vis

Ultra-violet/visible spectroscopy, or UV/Vis, is a spectroscopic method that
relies on light between approximately 200 to 1200 nm. This section will cover the
practical and theoretical background required to perform the experiment and
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the application to analytical determination of concentrations.

6.3.2.1

Experimental Setup

All spectrometers consist of the same general construction outlined in Figure 6.6.
Following the flow diagram, the first component is the light source. In the case
of UV/Vis this consists of, typically a deuterium lamp for providing light in the
UV range and a tungsten lamp for providing light in the visible region. This is
then passed though a diffraction grating to separate the light into the component
colors.

The light is then passed though a slit filter to limit it to a single

wavelength (or as close as possible). At this point the light can be split into two
beam paths with one bypassing the sample in order to compensate for variation
in lamp intensity. The light is then passed though the sample, and deflected onto
a detector, traditionally a photomultiplier tube (PMT) but more commonly now
a charge coupled device or CCD. When the light passes through the sample
some will be absorbed by the sample if it absorbs at that wavelength, a certain
percentage of the light will be converted to heat as shown in the previous
section, decreasing the output intensity. This is then compared to the input
intensity as defined by:

A = −log

T0
T

(6.33)

Where A is the unit-less absorbance, T 0 is the incident intensity before passing
through the sample and T the detected intensity after passing though the sample.
This absorbance can then be used to quantitate the concentration of a sample as
defined by the Beer-Lambert law. However, in order to utilize the Beer-Lambert
law it is important to first determine the optimum wavelength for the quantitative
analysis.
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Figure 6.6: Above is the block digram of a typical scanning UV/Vis instrument.

6.3.2.2

Obtaining a Spectrum

In order to provide quantitation using UV/Vis, the wavelength or wavelengths
to select for analysis must first be determined.

To obtain a spectrum, the

wavelengths are scanned over a specified region and then plotted as absorbance
versus wavelength. In practice this is done by rotation of the diffraction grating
or prism. From this plot it can be determined from the peaks if this method is
usable for analysis, as the absence of substantial peaks will eliminate this
method for further analysis. When selecting a wavelength for analysis, typically
the highest peak is determined and that wavelength used for quantitative
determinations, this peak as known as λ Max . Other peaks may also be used if
less sensitive measurements are desired or if there is interference at that
wavelength. Once the wavelength is determined, it is then possible to provide a
quantitative analysis.
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6.3.2.3

Beer-Lambert Law

The Beer-Lambert law provides a relationship between the concentration of an
absorbing sample and the concentration with a given path length. It is defined
as:

A = ebC

(6.34)

where A is the absorbance, b the path length in cm, C the concentration in
molarity and e a term used to describe how absorbing a sample is known as the
molar absorptivity with units of reciprocal moles per cm.

In practice, the

absorptivity must be determined experimentally in order to provide an
analytical solution to the concentration.

This is done by varying the

concentration of a standard solution and measuring the absorbance. Keeping the
path length (or, rather, the size of the cuvette containing the sample) the same
eliminates the term. The concentration versus the absorbance is then plotted, the
slope of the plot will be the e, which can then be used to determine the
concentration of a sample of unknown concentration. The method of plotting
signal response to known concentrations is called a calibration curve.

6.3.2.4

Assumptions and Limitations of Beer-Lambert

As with most relationships in chemistry, the Beer-Lambert law is subject to
many assumptions and limitations. The first assumption is that the light being
detected is monochromatic, or as close to monochromatic that is possible.
Moreover, there is an assumption that the sample is fully dissolved, particulates
do not obey Beer Lambert because light gets refracted out of the light path and,
thus, does not reach the detecter, causing an artificial reading of the intensity.
This can be solved by an integrating sphere that collimates light from all
directions and passes it through the detector, but is not part of the standard
setup. Another assumption is that the solution is adequately dilute so that the
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Figure 6.7: A diagram of the flow cell used to measure absorbance over time data,
the sample is pumped in the inlet and through a chamber of specified length with
the beam path cutting through it and then out back into the original solution.
absorbing molecules would not encounter each other. If the solution is too
concentrated, the absorbing molecules can interact allowing for other decay
pathways of the excited states of the electrons, causing a deviation from
Beer-Lambert behavior. This can be solved by diluting the sample and back
calculating the original concentration. A general rule is that absorbances above 1
AU (or absorbance units) will tend to deviate from linearity. Another component
that is important to analyze is the response of absorbance over time. To do this
an additional system must be added to the traditional UV/Vis setup.

6.3.3

Flow Setup

A particular challenge to measuring the response of a system over time by
UV/Vis is that there is also a diffusion component. This means to measure the
kinetics of something, there will be a delay from the actual change to what can
be observed in the system, as this will depend on how long it would take this
material being measured to enter the beam path of the instrument to be
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measured. To over come this, a method of stirring the solution fast enough so
that diffusion is considered to be instantaneous.

However, because

incorporating stirring into the cuvette area for sampling can cause reflection
errors, the most precise way to do this is to stir the sample external to the
instrument and have in continuously pumped though the instrument. This is
accomplished by combining a pump to the UV/Vis system that will draw up the
solution and pass it though a flow cell on a UV/Vis, shown in Figure 6.7, the
solution is then pumped back into the original vessel. However, because this
method has a lag associated with the pumping component, to obtain some types
of kinetic data it is then necessary to perform the measurement directly in the
solution.

6.3.4

Fluorescence

Fluorescence spectrometry is another powerful spectrometric technique, the
theory of which is described in section 6.3.1. Unlike UV/Vis where there is only
one parameter needed to use the technique for a quantitative analysis (the
λmax )), Fluorescence requires two, the excitation wavelength and the emission
wavelength. Looking back at the Jablonski diagram in Figure 6.5 on page 143,
note that there is an incident photon that excites the electron from the ground
state to an excited vibrational state above the electronic state, this then relaxes
via non-radiative decay (heat) to the electronic state, and then relaxes down to
the ground state by the emission of another photon. Some of the energy that
excited the photon initially is lost through the non-radiative decay step, because
of this, the photon emitted in the transition from the electronic to the ground
state will be lower in energy, thus higher in wavelength. This means the photon
used to excite the electron is also at a different wavelength. This leads to the
differences in excitation wavelength (the wavelength used to excite the molecule
to fluoresce) and the emission wavelength (the wavelength that the fluorescence
is observed at).
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6.3.4.1

Experimental Considerations

Whereas it is possible to construct a 3D graph of excitation and emission to
determine the optimum parameters, in practice this is only done for new
materials as it is time consuming. The excitation and emission standards of most
fluorescent molecules are normally looked up.

However, the excitation

wavelength is normally, though not always, the same as the λmax determined in
a UV/Vis experiment.

This approximation can be used to determine the

appropriate settings by setting it as the excitation wavelength and scanning the
emission spectrum.
To employ fluorescence as a quantitative technique, once the appropriate
parameters are determined, a calibration curve is constructed as in UV/Vis and
unknown concentrations determined from this calibration.
Fluorescence is not used only for quantitative analysis, the technique can also
be coupled with optical microscopy to provide greater contrast than otherwise
possible with just transmitted light.

6.3.4.2

Advantages and Limitations

Fluorescence has the advantage over UV/Vis in that it is several orders of
magnitude more sensitive. It is, in fact, possible to detect individual fluorescent
molecules.

This means that a much lower range of quantitation can be

performed, and in optical microscopy, it becomes easier to visualize smaller
features.

However, this does limit the upper range of detection as at high

concentration,

fluorescence can be disrupted because other relaxation

mechanisms become possible, this is known as quenching.

6.4

Mechanical Testing Techniques

Materials are often described by their mechanical properties. It allows for the
best material for a particular application and gives a numeric description of
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Figure 6.8: A typical stress-strain curve highlighting the important points
commonly observed. Most hydrogel experiments will only occur in the first two
regions.
many properties of materials. Therefore, it is standard course when developing
new materials to test the mechanical properties, even if this is only secondary to
their function. This section will cover the terminology and experimental setups
associated with mechanical testing.

6.4.1

Stress and Strain

Stress is the amount of force exerted on an object relative to the objects crosssectional area. Strain is the amount of deformation of an object caused by the
application of stress. The interplay between the stress and the strain provides
information on the mechanical properties of an object and there are several terms
used to describe this interplay, some of which are shown in Figure 6.8.
As stress begins to be applied, there is a linear relationship between stress
and strain. Where this linear region is maintained is known as the elastic region.
The slope of the linear region is known as Young’s modulus. The Young’s
modulus describes the propensity for the material to deform when stress is
applied. The harder the material, the more force must be applied to cause
deformation, therefore it is a measure of the hardness of a material. This region
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is also characterized by the ability of the material to be able to recover from the
stress applied and return to its original shape. After the linear region, the curve
begins to deviate from linearity, this is known as the elastic limit, beyond this is
known as the plastic region. The plastic region is characterized by irreversible
deformation of the sample. If further load is applied beyond the plastic region, a
region where any further load will increase the apparent strength of a material,
this area is known as the strain hardening region. On the molecular level this
region is related to rearrangement of molecules in the lattice of the structure.
The apex of this on the curve is known as the ultimate strength. This point is an
indication of the maximum strength that can be achieved by the material. After
this point is a region known as necking where the material experiences
irreversible deformation in the cross-sectional area followed after by failure of
the material. The curves are generated from what is known as a universal testing
machine.

6.4.2

Universal Testing Machine

A universal testing machine is an instrument designed to measure stress-strain
curves that applies both tension and compression. The machine itself measures
displacement and force, these values are converted to strain and stress
respectively based on the sample parameters. The machine consists of a load cell
which is a device that converts mechanical strain into an electronic signal, and a
distance measuring device to measure displacement and a mechanism to grip
the sample.

6.5

Surface Characterization Techniques

Beyond the analytic techniques used to measure the mechanical properties or the
chemical properties, the surface also requires charaterization. This information
leads to the morphological information that can in turn connect the information
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obtained in the previous section to its appearance.

6.5.1

Optical Microscopy

The most common method of surface characterization is optical microscopy. An
optical microscope uses lenses to magnify an object. However, this method is
limited in that the maximum physical resolution is limited by the diffraction of
light at quarter wavelength scales.
By coupling microscopes with a fluorescent light source, contrast can be
enhanced.

In this configuration the input light is filtered to the excitation

wavelength of the sample to be imaged, on the viewing side a filter will exclude
all light but the emission wavelength. Because most light is filtered though in
this process, stray light is eliminated, creating a sharp image.

6.6

Conclusion

Due to the varied nature of this thesis, incorporating parts of materials science,
electronics, engineering, and chemistry, this section is to serve as a reference of
information presented in the scientific body of work. As such, it is designed for
easy reference if only parts of information is needed. It has been placed at the
end as to not interrupt the flow between the introduction and scientific body of
work. The next chapter will focus on the details of how individual experiments
were performed.
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Chapter 7
Experimental
7.1
7.1.1

General Solution Formulations
Alginate Solution Preparation

Unless otherwise stated all alginate solutions were prepared using medium
viscosity alginic acid sodium salt from brown algae (Sigma) by dissolving 20 mg
into 800 mL of reverse osmosis water at 90 degrees Celsius and mixed for three
hours at this temperature. To this, in applications where a prodrug marker or
electrolyte were needed, 50 mg of fluorescein sodium salt (Sigma) were added
quantitatively.

The solution was removed from heat and allowed to stir

overnight. After the alginate was fully hydrated, the solution was made up to
one liter. The solution was kept stored in a sealed container at 3 degrees for a
maximum of two weeks.

7.1.2

Electrochemically Labeled Alginate Solution

For measurements of diffusion, the alginate solution in section 7.1.1 was modified
by the inclusion of 0.1 M potassium ferricyanide (Sigma)
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7.1.3

PBS Solution

All PBS solutions were made by dissolving a PBS kit provided by Sigma
containing 8.0 g of sodium chloride, 0.2 g of potassium chloride, 1.44 g of
disodium phosphate, 0.24 g of monopostassium phosphate and diluting to 1 L
using reverse osmosis water.

7.2

Electrogel Development

7.2.1

Electrochemical Experiments

7.2.1.1

Device Fabrication for Electrochemical Experiments

Unless otherwise stated devices for this chapter were fabricated using 3M brand
1181 copper tape with a width of 19.05 mm mounted on a glass slide. To this a
laminating sheet was laser cut to the width of the glass slide with a hole cut in
the center 10 mm from the bottom of the device, in the center, in order to provide
contact to solution. For diffusion experiments, the hole had a diameter of 1 mm,
for all other experiments the hole was 5 mm in diameter. All devices had a slit cut
at the top to provide electrode lead attachment. This was sealed by using a bag
sealer at the edges, the device was then placed on a hot plate set to 160 degrees
Celsius with a glass slide placed on top to provide pressure until the device was
fully sealed.

7.2.1.2

Counter Electrode Fabrication

Unless otherwise stated, the counter electrode for all experiments was fabricated
by taking 50 cm of aluminum foil (Woolworths), folding it over itself in 25 mm
segments over the long axis of the foil. This was then folded in half. No further
modifications to the foil were performed. Generally it was ensured that the
counter electrode had a surface area much higher than the working electrode to
prevent the counter from becoming limiting to the reaction.
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7.2.1.3

Electrochemical Cell Setup

The electrochemical cell consisted of the device described in the materials
chapter, section 7.2.1.1 as the working electrode, and a counter electrode
described in section 7.2.1.2. Unless otherwise specified the reference electrode
lead was shorted to counter. The electrodes were mounted in a plastic staining
jar with the dimensions 42 L x 26 W x 85 D in mm with a separation of 35 mm.
This was filled with 50 mL of the relevant solution. No additional degassing was
performed. Each counter electrode was disposed of after a single use.

7.2.1.4

Copper Oxidation

To determine the copper oxidation potential cyclic voltammetry was performed
with a CHI 660D potentiostat using the cell configuration described in section
7.2.1.3, with a Ag/AgCl reference electrode monitored in between the working
and counter. The potential was scanned from a starting potential of 0 to a low
potential of -5 V and a high voltage of 5 V with a scan rate of 0.5 volts per per
second. This was performed in a 50 mL solution of PBS and separately of
alginate. Each experiment was performed with 8 cycles, with only the 3rd full
cycle reported, the rest acting as confirmation and the first acting as preparation
cycles.

7.2.1.5

Reference Offset

To determine the reference offset between Ag/AgCl and the aluminum foil
counter, the electrochemical experiment described in section 7.2.1.4 was
performed using 50 mL of alginate solution with the reference electrode lead
shorted to the counter electrode. This was compared to the solution with the
reference and the offset calculated.

Unless otherwise stated, all further

experiments were performed relative to the counter.
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7.2.1.6

Effects of Voltage on Growth

All experiments were performed using a CHI 660D, using the amperometric i-t
curve experiment in the cell configuration described in section 7.2.1.3, using a 5
mm copper working electrode described in section 7.2.1.1. Current output was
measured with varying potential differences of: 1, 2, 2.5, 3, 3.5, 4, 4.5, 5, 8, and
10 V over a period of 3600 seconds with the appropriate sensitivity setting and
a sample taken every 0.001 seconds in 50 mL of alginate solution described in
section 7.1.1. No further degassing of the solution was performed. Peak time was
determined using Origin pro by selecting the time at maximum current output.

7.2.1.7

Effects of Time on Growth

The setup in section 7.2.1.6 was duplicated at a potential of 2.5 V relative to the
aluminum counter electrode and measured over a period of 18000 seconds with
the current output measured.

7.2.1.8

Power Consumption

Power consumption was determined using the experiment described in section
7.2.1.6 via Origin Pro by multiplying each data point by the input potential and
summed over the experiment.

7.2.1.9

Diffusion

Diffusion was determined using a modified Randles-Sevcik equation described
in section 6.2.5.7, solved for diffusion using the electrochemical setup described
in section 7.2.1.3 with a 1 mm exposed electrode in a solution modified with the
inclusion of 0.1 mM potassium ferricyanide (Sigma) into the solution described
in section 7.1.1.

Using a CHI 660 D, a macro was written to perform an

amperometric i-t experiment described in section 7.2.1.6 at a 1 V potential
difference for a total time of 18000 seconds.

At one hour intervals, the

experiment was stopped and a cyclic voltammetry (CV) experiment performed
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with a starting potential of 0 V to a low potential of -0.6 V, and a high potential
of 0.8 volts with 4 cycles, scanned at varying speeds of 0.1, 0.5, 1 and 2 volts per
second at the appropriate sensitivity. The data was processed using SAS with a
script to average all CV cycles and pick peak currents pertaining to the
ferri/ferrocyanide redox couple.

These potentials were fitted to determine

diffusion using Origin Pro solving for the Rendles-Sevcik equation.

The

experiment was repeated in triplicate and plotted as diffusion versus time.

7.2.1.10

De-cross linking - Voltage Selection

The cross linking process described in section 7.2.1.6 was performed at a
potential of 2.5 V versus an aluminum counter for 3600 seconds in 50 mL of
alginate. This was immediately removed from solution and rinsed with MilliQ
water with excess water removed with filter paper. This was then placed in an
electrochemical cell described in section 7.2.1.3 with 50 mL of PBS solution.
Using a CHI 660D a cyclic voltammetry experiment was performed with an
initial potential of 0 V, scanned to a low potential of -1.0 V and a high potential
of 3.0 V at a scan rate of 0.5 V/s, all relative to an aluminum counter electrode
with 8 complete cycles, plotting only the 3rd complete cycle.

7.2.1.11

De-cross linking - Process

The cross linking process described in section 7.2.1.6 was performed at a potential
of 2.5 V versus aluminum counter for 3600 seconds in 50 mL of alginate. This was
immediately removed from solution and rinsed with MilliQ water with excess
water removed with filter paper. This was then placed in an electrochemical cell
described in section 7.2.1.3 with 50 mL of PBS solution. Using a CHI660D, an
amperometric i-t experiment was performed with a potential of 0.25 V relative
to the aluminum counter electrode for a period of 3600 seconds and the current
potted versus time. This process was repeated at an amperometric potential of
-0.25, -1, -2, and -5 V relative to the aluminum counter electrode.
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7.2.1.12

De-cross linking - Efficiency

The data from section 7.2.1.11 was taken and each current data point was
multiplied by the respective potential difference. This was summed over 3600
seconds and plotted versus the de-cross linking potential.

7.2.2

Mechanical Properties

7.2.2.1

Hydration Properties

To determine the water content and density the alginate was cross linked using
the method described in section 7.2.1.6. To determine density, the cross linked
alginate was washed with water and excess water removed with filter paper. The
height was measured with calipers and the diameter assumed to be 5 mm. From
this the volume was calculated and this was repeated at all growth potentials.
The weight was then measured using an analytical balance. From this the wet
density was calculated. The alginate was then dried in ambient conditions for
one week and reweighed. From the difference between the wet and dry state
the water content was determined. This was then subtracted from the original
mass to determine the alginate density. This experiment was repeated keeping
the potential difference constant at 2.5 V vs aluminum counter and the growth
time varied to 1800, 3600, 7200 and 18000 seconds.

7.2.2.2

Copper Composition

The copper composition was determined from taking the amperometric data
determined in section 7.2.1.6, converting the output from current to number of
electrons. It was assumed that all current was due to copper oxidation, and that
from this all oxidation was a 2 electron transfer. From this the copper oxidized at
each potential was determined and put over the total weight determined in
section 7.2.2.1 to determine percent composition.
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7.2.2.3

Growth Efficiency

Power efficiency was calculated using the method described in section 7.2.1.8 and
put as a ratio of power per gram of material deposited, determined in section
7.2.2.1.

7.2.2.4

Relative Copper Density

To determine the relative copper density, the alginate was cross linked on a piece
of copper wire using the alginate solution in section 7.1.1 at a potential
difference of 5 V for 5, 20 , 60, 90 and 960 minutes relative to an aluminum
counter. These were then frozen in liquid nitrogen, sectioned and imaged on an
inverted microscope. The graph was produced by taking the binary image data
representing the full pixel saturation as 0 and no saturation as 255, this was
normalized to a percent black value and plotted versus distance from the
electrode.

7.2.2.5

SEM

Gels for SEM were grown directly on copper tape 19.05 mm wide in the
electrochemical cell described in section 7.2.1.3 for 1, 5, and 10 hours at a 2.5 V
potential difference. They were then frozen and sectioned and an a low vac SEM
using a JEOL JSM-6490LA was taken with EDX mapping.

7.2.2.6

Tensile Testing

To determine the Young’s modulus and ductility, the alginate solution described
in section 7.1.1 was cross linked using the amperometric i-t method described in
section 7.2.1.6 on a copper sheet 100 mm wide, masked to produce five dog bones
2.5 mm in width and 15 mm gauge length, grown at 2.5 V versus an aluminum foil
counter for 1, 2, 3, 4 and 5 hours. These were subjected to tensile testing using a 50
N load cell on a Shimadzu EZ series testing machine at a 10 mm/min extension
rate using clamps modified with protrusions to provide grip on the gels. The test
159

was performed with 5 replicates at each time point, Young’s modulus determined
by fitting the slope of the linear region of the graph and ductility taken as the
average percent strain at failure.

7.3

Drug Release

7.3.1

Device Fabrication

7.3.1.1

Pre-Cross Linking Preparation

All devices unless otherwise specified were constructed using a copper
substrate, 3M 1181 copper tape mounted onto a glass microscope slide for
non-flexible substrate, or PET sheet for flexible substrate. This was masked with
laminating slides (OfficeWorks), laser cut using standard settings for cutting
PET film, adhered to the surface by placing on a hot plate at a temperature of
160C with weight evenly distributed over the top. The sides were sealed by a
heat sealer set to 180C for 1 second.

7.3.1.2

Cross Linking

For cross linking, the device in section 7.3.1.1 was placed in a staining chamber
described in section 7.2.1.3 and filled with 50 mL of alginate solution described
in section 7.1.1. The copper device was connected to the positive terminal of a
voltage supply. Connected to the negative terminal, serving as the counter
electrode, one meter of aluminum foil 44 cm in width was folded back on itself
in 25 mm segments and then folded in half length wise. A potential difference of
2.5 volts was applied for one hour and the device was removed immediately
from solution.
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7.3.1.3

Post Cross Linking Processing

After removal of the device in section 7.2.1.2, the device was washed of all excess
non-cross linked alginate. Paper towel was then used to absorb excess water. The
device was then dried with a burst of nitrogen gas. To ensure pressure is applied
to the electrogel material, the entire device was wrapped tightly in three layers of
PVC film (OfficeWorks). To provide access to solution, a slit was cut the width of
the device at the bottom, 25 mm across. This void was backfilled with 0.1 mL of
PBS solution to ensure electrical connection.

7.3.2

Fluidic Release Electrochemical Cell

For all drug release, the electrochemical cell in which the drug release took place
was the same. The device was set up in the configuration as described in section
7.2.1.3, with the device in section 7.3.1.3 acting as the anode and aluminum foil
as described in section 7.2.1.2 as the cathode. This was filled with 50 mL of PBS
solution. For experiments using UV/Vis, there was an aluminum mesh placed
in front of both the working and counter electrode to prevent particulate matter
from interfering with the experiment.

7.3.3

Reflectance Fluorometry

For Fluorometric measurements, an Ocean Optics Jaz spectrometer with an
attached UV/Vis spectrometer module was employed.

The light source

providing the emission spectra was a fiber coupled LED light source with an
emission maximum of 455 nm provided by an Ocean Optics model LLS-455. The
optics were provided from Ocean Optics model QR200-7-UV-BX reflectance
probe, with a tip attached to provide a restricted path length of 1mm.
Measurements were recorded versus time at 520 nm, with 10 point averaging.
Quantitation was provided using an 8 point calibration curve within the linear
region. The sample was placed on a stir plate and was stirred continuously.
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7.3.4

Flow UV/Vis

For flow UV/Vis methods, a modified Shimadzu HPLC was used. The pump
providing the solution flow was a Shimadzu SPD-10A. The pump inlet was
directly placed in the solution, the column was bypassed and the solution fed
directly into the single wavelength UV/Vis detector, SPD-20A. The absorbance
was monitored constantly at a wavelength of 435 nm.

Quantitation was

provided with an assumption of a molar absorptivity of 53000 1/M cm. The
pump rate was set at 0.1 mL/min

7.3.5

Drug Loading Measurement

To determine percent release, the total drug loading was first determined. This
was done in triplicate by producing the device in section 7.3.1.3, and removing
the gel from the copper backing. This was frozen under liquid nitrogen and
crushed in a mortar and pestle and analytically transferred to an erlenmeyer
flask. A basic saturated EDTA solution was prepared by dissolving disodium
EDTA (Sigma) in 1 molar sodium hydroxide (Sigma) until no further could be
dissolved, decanting off the supernatant. 200 mL of EDTA solution was added
to the flask and it was stirred for 24 hours to ensure complete dissolution. This
solution was neutralized with 1 M HCl using a pH probe. This was then put
through a 0.22 micron syringe filter directly into a 500 mL volumetric flask. The
syringe filter was washed through with 200 mL of MilliQ water to ensure
complete transfer. This solution was diluted to 500 mL. This was then measured
using a Shimadzu UV-1800 UV/Vis at 435 nm using an 8 point calibration curve
to provide quantitation. Each measurement was repeated 3 times and there were
3 replicates of the measurement to provide an average value. All percent release
values provided are relative to this determined value.
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7.3.6

Passive Release

Passive release was monitored using the device produced in section 7.3.1.3 in the
configuration in section 7.3.2. Fluorometry discussed in section 7.3.3 was used to
monitor concentration. SAS was used to process the data, providing quantitation
from the calibration curve. Origin was used to graph the data with a LOESS
function applied for data smoothing using a 0.01 smoothing function. To provide
release rate, the derivative was taken. After one day the solution was changed
and the measurements continued, with the mass from the previous day added to
provide total mass released.

7.3.7

Selecting Voltage Release

For the full range release, the device in section 7.3.1.3 was set up in the
configuration described in section 7.3.2, release was measured using fluorometry
described in section 7.3.3. Varying potentials were applied using a Tektronics
programmable power supply, applying each potential for one hour, with the
potential differences 0, 1, 2, 3, 4, 5, 8, and 10 V. The data output was processed
using SAS, syncing the potential application with the fluorometry output data.
This method for release measurement was cross-validated with flow UV/Vis
measurements discussed in section 7.3.4 (not shown). Potentials were subjected
to ANOVA Tukey testing at a 99% confidence interval to ensure statistical
difference between all levels. The data was imported into Origin and a LOESS
function with a smoothing factor of 0.01 was applied. The derivative of the data
was taken to provide release rate. Initial rate was taken as the average of best fit
line through each hour application.

7.3.8

Pulsed Active Release

For pulsed active release, the device in section 7.3.1.3 was used in the
configuration described in section 7.3.2, and release was monitored using
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fluorometry described in section 7.3.3. Varying potentials were applied using a
Tektronics programmable power supply, applying , initially no potential
difference, then 2 V for 10 minutes, then returned to passive for 30 minutes, then
3 V for 10 minutes, returned to passive for 30 minutes, and then 5 V for 10
minutes, and returned to passive for 30 minutes. This pulse set was applied for
the duration of the experiment. The data was processed in SAS in order to sync
potential application time with fluorescent signal.

The synced data was

imported to Origin and smoothed using a LOESS function with a smoothing
factor of 0.01. To provide release rate the derivative of the output was taken.

7.4
7.4.1

Gradient Printing of Electrogels
Copper Printing Platform

The setup of the printing platform consisted of copper tape, 3M model 1811,
adhered to a glass slide. The copper was cleaned with a 0.1 M HCl wash, rinsed
and dried thoroughly. This was then placed in a petri dish together with the
alginate solution described in 1.3.2 with a portion of the end of the copper tape
left sticking out of the solution to allow for electrical connection.

7.4.2

Counter Electrode Assembly

The counter electrode was set up as described in section 4.2, a piece of
aluminum foil (Woolworths) folded in half width wise and rolled into a cylinder.
A syringe was prepared with a 19 gauge plastic extrusion tip (EFD), a piece of
paper towel was placed at the bottom of the syringe barrel and compressed with
the syringe plunger. Alginate solution described in section 7.1.1 was poured into
the top of the syringe and forced through the paper, the device was then
approached to the surface of the printing platform to where the tip was
immersed in solution while pressure was applied to the syringe to ensure fluid
flow through the assembly. Once the tip was immersed in solution the plunger
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was withdrawn, sucking up solution to ensure complete fluid contact,
completing the circuit. After the plunger was removed the aluminum foil was
placed in the barrel and connection to the negative terminal of the power supply
was made via an alligator clip at the top of the foil.

7.4.3

Image Processing

All images for printing were processed using the method described in section
4.3.3, with the alpha values specified in the relevant chapter.

7.4.4

Printing Paramaters

Unless otherwise noted, all prints were performed at a tip sample separation
distance of 4 mm. The potential difference applied was 30 V via a Tektronic 30 V
programmable power supply. The patterning was provided by three Zaber
LSQ150B linear stages controlled via Zaber Console with the script described in
section 4.3.4, with the alpha value specified. With all prints unless otherwise
specified the print was performed with bed leveling enabled.

The stage

movement was determined by the program with the maximum movement
speed set as 250 mm/s.

7.4.5

Post Print Processing

There were two separate methods for post print processing depending on the
test being preformed, specified in the section.

For prints where consistent

measurement of properties was needed, the prints were allowed to soak in the
alginate solution for 24 hours to ensure consistent level of hydration. These
prints were then washed and excess water was removed by dabbing with paper
towel. All other prints were removed immediately and washed in the same
manner.
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7.4.6

Electrostatics Modeling

The electrostatic models were performed using COMSOL multiphysics
modeling suite. The potential difference was applied to a modeled counter
electrode, given the standard properties from the COMSOL materials library of
aluminum, with a relative permittivity of 100 and a simulated applied potential
of 30 V. For the copper base, standard parameters from the copper were applied
with a relative permittivity of 100. The solution was simulated with custom
parameters of alginate with a relative permittivity assumed to be 40. The barrier
of the syringe tip was given a relative permittivity of 1.2. For diameter of the
patterned spot, the model data was imported into ImageJ, the disruption of the
electric field was extended to the impact of the surface, the distance between
these two intersections was measured and plotted versus separation distance
using Origin, and fitted to the equation to:

−x

y = A1 ∗ e( t1 ) + y0

7.4.7

(7.1)

Separation Distance vs Current

To determine the current versus the separation distance, the tip was approached
to the surface and slowly withdrawn at 500 micron increments , the current
output was observed on the voltage supply, the distance noted at the first
current change. This data was plotted versus the noted distance and plotted in
origin pro.

7.4.8

Dot Size vs Exposure Time

To determine the dot diameter, a print was performed using the procedure
described in section 7.4.4, with 15 exposure points with a 1 mm separation
between the dots, with 5 replicates of each at varying exposure times, and at
potentials of 10, 15, 20, and 30 V. The samples were washed immediately after
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printing. They were then immersed in saturated fluorescein sodium salt (Sigma)
dissolved in MilliQ water and rinsed with DI water. To determine diameter, the
spots were imaged with a Leica 205A inverted microscope, and the distance
across marked as the first observable appearance of dye and the last. Each
diameter consisted of at least 3 measurements.

7.4.9

Hydration and Density Properties of Printed Electrogels

The print was performed in the method outlined in section 7.4.4. 3, 5 mm
diameter circles were printed at 100, 200, 300, 400, and 400 ms exposure times.
To ensure consistent hydration, the printed structures were soaked in the
alginate solution for 24 hours and washed with DI water. The printed circles
were removed and flash frozen with liquid nitrogen, the height measured with
calipers. The diameter was assumed to be 5 mm. The weight was taken while
frozen using an analytical balance. The density change between frozen and wet
state was assumed to be similar enough that the error was greater than the
difference. The density was taken as the weight over the calculated volume,
assuming a cylinder.

7.4.10

Mechanical Properties vs Exposure Time

Using the printing setup described in section 7.4.4, dog bones patterns were
processed from a JPEG image using the process outline in section 4.3.4 and were
printed with alpha values of 100, 200, 300, 400, and 500 ms with 10 mm in gauge
length and 2 mm in width. These were subjected to tensile testing using a 50 N
load cell on a Shimadzu EZ series testing machine at a 10 mm/min extension
rate using clamps modified with protrusions to provide grip on the gels. The
test was performed with 3 replicates at each time point and Young’s modulus
determined by fitting the slope of the linear region of the graph and ductility
taken as the average percent strain at failure.
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7.4.11

First Generation Structures

The first generation structures were printed using the parameters outlined in
section 7.4.4. The alpha value used for the right hand structure in Figure 4.10
was 500 and the left 200 ms. The length of the images was 10 mm at the
optimized density.

7.4.12

Modulating Passive Release

A structure using alginate solution was electroprinted using the method
described above, with a pattern shown in Figure 4.13b at an alpha value of 500,
which was measured over time using a Shimatzu 1800 UV/Vis at a wavelength
of 490 nm. Concentration was calculated from a molar absorbtivity value of
76900 mol −1 cm−1 and converted into mass using a 2 mL volume. This data was
subsequently smoothed using a LOESS function with a value of 0.001.
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Appendix A
Engineering Diagrams of
Components Fabricated for
Electroprinting
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Appendix B
Electroprinting Control Program

# t e m p l a t e ( simple )

/ / S e t up s t a g e s and g e t t h e i r p o s i t i o n s and Output on
screen
var c1 = PortFacade . GetConversation ( 1 ) ;
var c2 = PortFacade . GetConversation ( 2 ) ;
var c3 = PortFacade . GetConversation ( 3 ) ;
var pos = c1 . Request ( ” g e t pos ” ) ;
var posc1 = pos . Data ;
pos = c2 . Request ( ” g e t pos ” ) ;
var posc2 = pos . Data ;
pos = c3 . Request ( ” g e t pos ” ) ;
var posc3 = pos . Data ;

i n t y o r i g i n = Convert . ToInt32 ( posc3 ) ;

Output . WriteLine ( ” Current P o s t i o n {0} {1} {2} ” , posc1 , posc2
, posc3 ) ;
i n t xpos = Convert . ToInt32 ( posc1 ) ;
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double xposdisp = ( xpos * 0 . 4 9 6 0 9 3 7 5 ) / 1 0 0 0 ;
Output . WriteLine ( ” S t a r t i n g X P o s i t i o n i s {0} cm” , xposdisp )
;
i n t ypos = Convert . ToInt32 ( posc2 ) ;
double yposdisp = ( ypos * 0 . 4 9 6 0 9 3 7 5 ) / 1 0 0 0 ;
Output . WriteLine ( ” S t a r t i n g Y P o s i t i o n i s {0} cm” , yposdisp )
;
i n t zpos = Convert . ToInt32 ( posc3 ) ;
double zposdisp = 150 − (( zpos * 0 . 4 9 6 0 9 3 7 5 ) / 1 0 0 0 ) ;
Output . WriteLine ( ” S t a r t i n g Z P o s i t i o n i s {0} cm from max” ,
zposdisp ) ;

/ / Get I n f o f o r D i m e s i o n s o f Image t o b e p r i n t e d t o
determine step size
i n t xmove , ymove ;
Output . WriteLine ( ”What do you want t h e l e n g t h o f t h e image
t o be ? ” ) ;
double imglength = Convert . ToDouble ( Input . ReadLine ( ) ) ;
Output . WriteLine ( ”What do you want t h e h e i g h t o f t h e image
t o be ? ” ) ;
double imgheight = Convert . ToDouble ( Input . ReadLine ( ) ) ;

/ / Bed l e v e l i n g Here , L e t s g e t s t a r t e d w i t h t h e X A x i s

double x1 , x2 , z1 , z2 , dx , dz , phi = 0 ;

/ / Get F i r s t P o s i t i o n
Output . WriteLine ( ” Bring Z S t a g e t o Base then Hit E n t e r ” ) ;
Input . ReadLine ( ) ;
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pos = c1 . Request ( ” g e t pos ” ) ;
x1 = pos . Data ;
pos = c3 . Request ( ” g e t pos ” ) ;
z1 = pos . Data ;

/ / Get S e c o n d P o s i t i o n
Output . WriteLine ( ”Move X S t a g e t o Point , then b r i n g t h e Z
s t a g e down t o t h e Base again , Then Hit E n t e r ” ) ;
Input . ReadLine ( ) ;
pos = c1 . Request ( ” g e t pos ” ) ;
x2 = pos . Data ;
pos = c3 . Request ( ” g e t pos ” ) ;
z2 = pos . Data ;

/ / Calculate Slope
dx = x2 − x1 ;
dz = z2 − z1 ;
phi = Math . Atan ( dz/dx ) ;
double phidegree = ( phi ) * (180/ Math . PI ) ;

/ / Output and R e t u r n t o O r i g i n
Output . WriteLine ( ”The X a x i s has a t i l t o f {0} degrees , h i t
e n t e r t o r e t u r n t o o r i g i n ” , phidegree ) ;
Input . ReadLine ( ) ;
c1 . Request ( ”move abs ” , posc1 ) ;
c3 . Request ( ”move abs ” , posc3 ) ;
c1 . P o l l U n t i l I d l e ( ) ;
c2 . P o l l U n t i l I d l e ( ) ;
c3 . P o l l U n t i l I d l e ( ) ;
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/ / Bed L e v e l i n g f o r Y A x i s

double y1 , y2 , dy , p s i = 0 ;

/ / Get F i r s t P o s i t i o n

pos = c2 . Request ( ” g e t pos ” ) ;
y1 = pos . Data ;
/ / p o s = c3 . R e q u e s t ( ” g e t p o s ” ) ;
/ / z1 = p o s . Data ;

/ / Get S e c o n d P o s i t i o n
Output . WriteLine ( ”Move Y S t a g e t o Point , then b r i n g t h e Z
s t a g e down t o t h e Base again , Then Hit E n t e r ” ) ;
Input . ReadLine ( ) ;
pos = c2 . Request ( ” g e t pos ” ) ;
y2 = pos . Data ;
pos = c3 . Request ( ” g e t pos ” ) ;
z2 = pos . Data ;

/ / Calculate Slope
dy = y2 − y1 ;
dz = z2 − z1 ;
p s i = Math . Atan ( dz/dy ) ;
double p s i d e g r e e = ( p s i ) * (180/ Math . PI ) ;

/ / Output and R e t u r n t o O r i g i n
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Output . WriteLine ( ”The Y a x i s has a t i l t o f {0} degrees , h i t
enter to return to origin ” , psidegree ) ;
Input . ReadLine ( ) ;
c2 . Request ( ”move abs ” , posc2 ) ;
c3 . Request ( ”move abs ” , posc3 ) ;

/ / Get R e s t P o s i t i o n
Output . WriteLine ( ”Move Z S t a g e t o a comfy r e s t p o l i t i o n and
then h i t e n t e r ” ) ;
Input . ReadLine ( ) ;
pos = c3 . Request ( ” g e t pos ” ) ;
var z r e s t = pos . Data ;

Output . WriteLine ( ”The t i l t o f t h e Axis have been determined
, h i t enter to continue ” ) ;
Input . ReadLine ( ) ;

s t r i n g f i l e P a t h = @”C: \ dogbone25by125 . csv ” ;
StreamReader s r = new StreamReader ( f i l e P a t h ) ;
var l i n e s = new L i s t <s t r i n g [ ] > ( ) ;
i n t Row = 0 ;
while ( ! s r . EndOfStream )
{
s t r i n g [ ] Line = s r . ReadLine ( ) . S p l i t ( ’ , ’ ) ;
l i n e s . Add( Line ) ;
Row++;
Console . WriteLine (Row) ;
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}

var data = l i n e s . ToArray ( ) ;
i n t boundx = 2 5 0 ;
i n t boundy = Row ;
Output . WriteLine ( ” Array Length {0} ” , boundx ) ;
Output . WriteLine ( ” Array Height {0} ” , boundy ) ;

var s l e e p t i m e = 0 ;
double x , y = 0 ;
double ymovec , xmovec = 0 ;
double seconds , mins , hours = 0 ;
i n t time = 0 ;

f o r ( i n t i = 0 ; i <boundy ; i ++)
{
f o r ( i n t j = 0 ; j <boundx ; j ++)
{
time = Convert . ToInt32 ( data [ i ] [ j ] ) + time ;
}
}

var s t e p s i z e s = ( imglength/Convert . ToInt32 ( boundx ) ) ;
var s t e p s i z e h e i g h t = ( imgheight/Convert . ToInt32 ( boundy ) ) ;
seconds = time / 1 0 0 0 ;
mins = seconds / 6 0 ;
hours = mins / 6 0 ;
double timetwo = 0 ;
double pctdone , timenow = 0 ;
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i n t zmoveoutput = 0 ;
double zmove = 0 ;
double zhold = posc3 ;
double zmovey = 0 ;
double holdy = 0 ;
i n t zmoveyoutput = 0 ;
i n t zmax = 3 0 5 3 8 1 ;
i n t zmove2 = 0 ;
var ychange = 0 ;

Output . WriteLine ( ” Estimated Time i s {0} seconds {1} mins or
{2} hours ” , seconds , mins , hours ) ;

f o r ( i n t i = 0 ; i <boundy ; i ++)
{

f o r ( i n t j = 0 ; j <boundx ; j ++)
{
i f ( Convert . ToInt32 ( data [ i ] [ j ] ) ! = 0 ) {

/ / C a l c u l a t e t h e s t e p s i z e s and move

y = j * ( stepsizes * 2015.7) ;

/ / Get t h e c u r r e n t Z P o s i t i o n
/ / v a r s o m e t h i n g = c3 . R e q u e s t ( ” g e t p o s ” ) ;
/ / v a r z c u r r e n t p o s = s o m e t h i n g . Data ;
c3 . P o l l U n t i l I d l e ( ) ;
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/ / C a l c XY Moves

ymovec = posc1 + y ;
ymove = Convert . ToInt32 ( ymovec ) ;

/ / Convert Z P o s i t i o n in a X o f f s e t

var g e t t i n g x a g a i n = c1 . Request ( ” g e t pos ” ) ;
var iamxpos = g e t t i n g x a g a i n . Data ;
c1 . P o l l U n t i l I d l e ( ) ;
zmove = ( Convert . ToDouble ( iamxpos ) −
Convert . ToDouble ( posc1 ) ) * Math . Tan ( phi )
;

/ / i f zmove winds up somehow b e i n g 0 ( i . e .
someone d o e s n t c a l i b r a t e ) then i t w i l l
make z m o t i o n a l w a y s 0

i f ( zmove == 0 ) {
zhold = 0 ;
}

e l s e i f ( zmove ! = 0 ) {
var something = c3 . Request (
” g e t pos ” ) ;
var z c u r r e n t p o s = something
. Data ;
c3 . P o l l U n t i l I d l e ( ) ;
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/ / I f t h i s i s t h e f i r s t movement t h e n zmove
would = z h o l d , b e c a u s e z c u r r e n t p o s −
posc3 = 0 , compensate f o r that

i f ( j == 0 ) {
zhold = 0 ;
}

else {
zhold =
Convert .
ToDouble
( zmove )

− (
zcurrentpos

− posc3
);
}
}

/ / P e r f o r m t h e Z Movement
zmove2 = Convert . ToInt32 ( zhold ) ;
zmoveoutput = Convert . ToInt32 ( zhold ) ;

i f ( zmove2 ! = 0 ) {
i n t moverelconv2 = 0 ;
var moverelconv1 = c3 . Request ( ” g e t
pos ” ) ;
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moverelconv2 = Convert . ToInt32 (
moverelconv1 . Data ) ;
zmove2 = zmove2 + Convert . ToInt32 (
moverelconv2 ) ;
c3 . Request ( ”move abs ” , zmove2 ) ;
c3 . P o l l U n t i l I d l e ( ) ;
}

var g e t y a g a i n = c2 . Request ( ” g e t pos ” ) ;
c2 . P o l l U n t i l I d l e ( ) ;
var ynow = g e t y a g a i n . Data ;

/ / Move t h e X A x i s and S l e e p t h e S e l e c t e d
Time

c1 . Request ( ”move abs ” , ymove ) ;
c1 . P o l l U n t i l I d l e ( ) ;
s l e e p t i m e = Convert . ToInt32 ( data [ i ] [ j ] ) ;
timetwo = Convert . ToDouble ( s l e e p t i m e ) +
timetwo ;
Sleep ( sleeptime ) ;

/ / Update P e r c e n t a g e Data

pctdone = ( timetwo/Convert . ToDouble ( time ) )
*100;
timenow = ( ( ( Convert . ToDouble ( time )−timetwo
) /1000) /60) ;
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Output . WriteLine ( ” P e r c e n t Completed : {0} ” ,
pctdone ) ;
Output . WriteLine ( ”Time Remaining ( Mins ) :
{0} ” , timenow ) ;

/ / C l e a r The S c r e e n

Output . WriteLine ( ” ” ) ; Output .
WriteLine ( ”

” ) ; Output . WriteLine ( ” ” )
; Output . WriteLine ( ” ” ) ; Output .
WriteLine ( ” ” ) ; Output . WriteLine (
”
” ) ; Output .
WriteLine ( ” ” ) ; Output . WriteLine (
” ” ) ; Output . WriteLine ( ” ” ) ;
Output . WriteLine ( ”

” ) ; Output . WriteLine ( ” ” ) ; Output .
WriteLine ( ” ” ) ; Output . WriteLine (
” ” ) ; Output . WriteLine ( ”

” ) ; Output . WriteLine ( ” ” ) ; Output .
WriteLine ( ” ” ) ; Output . WriteLine (
” ” ) ; Output . WriteLine ( ”

” ) ; Output . WriteLine ( ” ” ) ; Output .

185

WriteLine ( ” ” ) ; Output . WriteLine (
” ” ) ; Output . WriteLine ( ”

” ) ; Output . WriteLine ( ” ” ) ; Output .
WriteLine ( ” ” ) ;
}
}

/ / C a l c u l a t e t h e Y Movement
x = i * ( stepsizeheight * 2015.7) ;
xmovec = posc2 + x ;
xmove = Convert . ToInt32 ( xmovec ) ;
c2 . Request ( ”move abs ” , xmove ) ;
c2 . P o l l U n t i l I d l e ( ) ;
var ymoveprev = zmovey ;
/ / I f t h e Y a x i s c h a n g e s move t h e Z t o
compensate
i f ( psi != 0) {
var something1 = c3 . Request ( ” g e t
pos ” ) ;
c3 . P o l l U n t i l I d l e ( ) ;
var z c u r r e n t p o s 1 = something1 . Data ;
var g e t t i n g z p o s y = c2 . Request ( ” g e t
pos ” ) ;
c2 . P o l l U n t i l I d l e ( ) ;
var ymove2 = g e t t i n g z p o s y . Data ;
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/ / Calculate the Y Offset

zmovey = ( Convert . ToDouble ( ymove2 )

− Convert . ToDouble ( posc2 ) ) *
Math . Tan ( p s i ) ;
Output . WriteLine ( ”ZmoveY i s {0} ” ,
zmovey ) ;
}

/ / I f Y a x i s Moves t h e n Move To R e s t H e i g h t

i n t y r e s t = Convert . ToInt32 ( z r e s t ) ;
i f ( y r es t != 0) {
c3 . Request ( ”move abs ” , y r e s t ) ;
c3 . P o l l U n t i l I d l e ( ) ;
/ / c3 . R e q u e s t ( ” move a b s ” ,
zmoveyoutput ) ;
/ / c3 . P o l l U n t i l I d l e ( ) ;
}

/ / R e t u r n s t h e x Home
c1 . Request ( ”move abs ” , posc1 ) ;
c1 . P o l l U n t i l I d l e ( ) ;

i f ( y r es t != 0) {
i f ( zmovey == 0 ) {
zmoveyoutput = posc3 ;
c3 . Request ( ”move abs ” ,
zmoveyoutput ) ;
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c3 . P o l l U n t i l I d l e ( ) ;
}

else {
c3 . Request ( ”move abs ” ,
posc3 ) ;
c3 . P o l l U n t i l I d l e ( ) ;
holdy = ( zmovey − ymoveprev
);
/ / h o l d y = zmovey − ( z m o v e o u t p u t −
yorigin ) ;
/ / h o l d y = ( C o n v e r t . ToDouble ( zmovey )
) − zmoveoutput ;
/ / h o l d y = ( C o n v e r t . ToDouble ( zmovey )

− ( y o r i g i n ) ) − C o n v e r t . ToDouble (
posc3 ) ;
/ / zmoveyoutput = Convert . ToInt32 (
holdy ) ;
zmoveyoutput = Convert .
ToInt32 ( holdy ) ;
c3 . Request ( ”move r e l ” ,
zmoveyoutput ) ;
c3 . P o l l U n t i l I d l e ( ) ;
}
/ / Resets the Z starting position for this
l i n e t o t h e new v a l u e f o r i t
var something3 = c3 . Request ( ” g e t pos ” ) ;
var z c u r r e n t p o s 3 = something3 . Data ;
posc3 = z c u r r e n t p o s 3 ;

188

c3 . P o l l U n t i l I d l e ( ) ;
}

}
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